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AFOSR SPONSORED RESEARCH IN COMBUSTION AND DIAGNOSTICS

PROGRAM MANAGER: JULIAN M. TISHKOFF

AFOSR/NA
4015 Wilson Boulevard, Room 713
Arlington VA 22203-1954

SUMMARY/OVERVIEW: The Air Force Office of Scientific Research (AFOSR)
program in combustion and diagnostics currently is focused on five areas of study: high-
speed propulsion, turbulent combustion, diagnostics, supercritical fuel behavior, and
plasma-enhanced combustion. An assessment of major research needs in each of these
areas is presented.

TECHNICAL DISCUSSION

AFOSR is the single manager for Air Force basic research, including efforts based on
external proposals and in-house work at the Air Force Research Laboratory (AFRL).
Combustion and Diagnostics is assigned to the AFOSR Directorate of Aerospace and
Materials Sciences along with programs in rocket and space propulsion, fluid and solid
mechanics, and structural materials.

Interests of the AFOSR Combustion and Diagnostics subarea are given in the
SUMMARY section above. Many achievements can be cited for these interests, yet
imposing fundamental research challenges remain. The objective of the program is
publications in the refereed scientific literature describing significant new understanding
of multiphase turbulent reacting flow. Incremental improvements to existing scientific
approaches, hardware development, and computer codes fall outside the scope of this
objective.

The Combustion and Diagnostics subarea supports the Air Force commitment to
aerospace propulsion through the Department of Defense National Aerospace Initiative
(NAI). Accordingly, the research in this subarea will address research issues related to
chemical propulsion for all Air Force aerospace missions, including combined cycle
propulsion for access to space. This program will complement related research activities
in space propulsion and energetic materials.




The primary focus of research in turbulent combustion is the creation of computational
modeling tools for combustor designers that are both computationally tractable and
quantitatively predictive. This research has been directed in two areas: the formulation of
augmented reduced chemical kinetic mechanisms for the combustion of hydrocarbon
fuels and the development of subgrid-scale models for large eddy simulation of turbulent
combustion.

Future airbreathing and chemical rocket propulsion systems will require propellants to
absorb substantial thermal energy, raising their temperatures to supercritical
thermodynamic conditions. Understanding and controlling fluid properties at these
conditions will be crucial for avoiding thermal degradation and for optimizing subsequent
processes within the combustor. Research has focused on the role of supercritical
transport in the thermal destabilization of hydrocarbon fuel prior to combustion and on
primary and secondary fuel breakup under transcritical and supercritical conditions.

Plasma research is one of six AFOSR Theme topics selected for support beginning in
Fiscal Year 2001. The focus primarily is on the utilization of plasmas for ignition and
flame stabilization in scramjets; however, the extension of this technology to other modes
of chemical propulsion and energy conversion also is of interest. The theme research has
been supplemented by research coordinated between universities and small businesses
under the Department of Defense Small Business Technology Transfer (STTR) Program.
The Air Force also supports related research activity in Russia under the Air Force
Research Laboratory International Research Initiative. The Theme and Russian research
activity was presented as part of a Weakly Ionized Gas Dynamics (WIG) Workshop at the
315t ATAA Aerospace Sciences Meeting and Exhibit in January 2003. The next
workshop will take place in January 2004.

Decisions on support for research proposals are based on scientific opportunities and
technology needs. Researchers interested in submitting proposals should contact Dr.
Tishkoff for information on time constraints associated with proposal evaluations.
Further information on research interests and proposal preparation can be found on the
AFOSR web site, http://www.afosr.af.mil. The availability of funds places a major
constraint on program redirection and growth. Figure 1 shows the recent trend of funding
for basic research in combustion and diagnostics from Air Force and DOD sources.
Informal inquiries for new research are encouraged throughout the year. Formal
proposals should be submitted by 1 April for peer review by the National Research
Council.

The purpose of this abstract has been to communicate AFOSR perceptions of research
trends to the university and industrial research communities. However, communication
from those communities back to AFOSR also is desirable and essential for creating new




research opportunities. Therefore, all proposals and inquiries for fundamental research
are encouraged even if the content does not fall within the areas of emphasis described
herein. Comments and criticisms of current AFOSR programs also are welcome.

Theme

puRrle

AASERT

NWYV Intramural
NWYV Extramaral
Core Intramural
Core Extramural

Funding ($M)

1996 1997 1998 1999 2000 2001 2002 2003

Government Fiscal Year

Figure 1. AFOSR Funding for Combustion and Diagnostics







The Army Research Office Program in Propulsion and Energetics

David M. Mann
Mechanical and Environmental Sciences Division
US Army Research Office

The Armmy is on a fast-paced path to transformation. That transformation involves the
development of new classes of fighting vehicles, the Future Combat System, which are lighter
and more mobile, while maintaining the levels of lethality and survivability offered by today’s
systems, e.g. the M1 Abrams tank. Over the years, ARO propulsion and energetics research has
played a vital part in providing the options for the development of the new systems. Research in
future years will yield breakthroughs that will enable new capabilities.

The Army Transformation and recent world events have re-emphasized the need for lightweight,
high power density, high efficiency engines for air and ground vehicles. The ARO Propulsion
program continues to focus on optimizing the combustion processes in diesel and gas turbine
engines. Fundamental to that optimization is understanding and developing predictive models for
the controlling mechanisms and processes. Particularly important research areas are fuel
injection and fuel-air mixing dynamics, ignition, combustion and heat transfer. In order to be
applicable to the environments of advanced engines, it is vitally important to address these areas
in the appropriate parameter space of temperature, pressure and turbulence level. Ultimately the
goal is to combine the detailed understanding of combustion that can be used with active control
techniques and health monitoring systems.

Projectile and missile propulsion is the focus of the ARO Energetics program. The emphasis is
on the development of higher energy systems, both through the utilization of current energetic
materials under higher loading conditions and through the development of higher energy/output
energetic materials, e.g. nanoscale materials. In the first instance, fixed volume systems, such as
gun and missile combustion chambers, can deliver higher energies if higher charge densities
(guns) or more compact combustors (liquid fueled missiles) are used. Here the challenges are the
ignition and heat release dynamics at high density. In the second instance, the Army is exploring
the potential of nano-scale energetic materials to provide higher energy and higher power for
propulsion and explosive uses. In this new field, emphasis is being placed on the preparation and
characterization of novel nanostructures and on understanding their reactivity.

Details on submitting proposals to ARO may be found on the ARO web site, www.aro.army.mil.
The site contains the Broad Agency Announcement for the ARO and other Army Research
Laboratory Directorates’ research efforts. Prospective offerors to ARO are encouraged to
informally discuss their research ideas with the appropriate ARO program manager prior to
submitting a formal proposal.
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ACOUSTIC SENSING AND ACTUATION IN GASEOUS FLOWS
Contract # DAAD19-01-0571
Principal Investigator: Tim Lieuwen

School of Aerospace Engineering
Georgia Institute of Technology
Atlanta, GA 30332-0150

SUMMARY/OVERVIEW:

This program is developing acoustic techniques for non-intrusive sensing and actuation
of gas flows. Although not the primary focus of this work, we have developed a fast, very
sensitive method of measuring low levels of water vapor concentration. We have initiated the
patent process by filing an invention disclosure and have begun exploring commercialization
possibilities. We have also developed a technique that relates the mixing between two gases by
measuring the acoustic absorption at several frequencies. We present data below showing a clear
change in absorption levels with gas mixedness. Future work is directed at developing inversion
techniques to reconstruct spatial mixedness profiles.

TECHNICAL DISCUSSION:

Background

The objectives of this program are to develop acoustic techniques for 1) sensing and 2)
actuation in gas flows. Work performed to date has focused on the former item. Specifically,
this work focused on the use of acoustic absorption measurements to characterize gas mixtures.
The objective of this work is two fold: 1) determine the accuracy and sensitivity with which
acoustic absorption can be measured in practical environments, and 2) demonstrate the use of
acoustic absorption measurements to infer the level of molecular mixedness between constituents
in a multi-component gas media.

Water Vapor Concentration Measurements

Work performed in the first year developed a fast, sensitive technique to measure low
levels of water vapor concentration. In this year, we have begun exploring possibilities for
commercializing this work into an industrial sensor. We have reviewed current technologies and
approaches for measuring low levels of water vapor in air and other gases. The best sensors
available use very accurate, but also slow (~1 minute) and expensive ($10-$40K) chilled-water
hygrometer technology for making these measurements. For our approach, the basic
sensing/actuating hardware and signal processing costs will be quite low. If our approach can be
packaged at a reasonable cost (something we haven’t explored yet), this approach could make a
convenient alternative to current technologies. To this end, we have filed an invention disclosure
with Georgia Tech and begun conversations with individuals at several companies that make
high end humidity sensors.
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Carbon Dioxide Absorption Characteristics

As in the first year, carbon dioxide was used in tests during year 2 for characterization of
gas mixedness. It was chosen because of its relatively low vibrational temperature, resulting in
high levels of absorption at room temperatures. The vibrational relaxation frequency of carbon
dioxide is strongly dependent upon the water concentration. Thus, we are using CO; — H,0
mixtures. Using existing databases' , we have quantified the dependence of the acoustic
absorption coefficient upon frequency and water vapor concentration, see Figure 1. The figure
shows the monotonic increase in absorption coefficient magnitude with frequency, as well at its
nonmonotonic and nonlinear dependence upon water vapor level.

Figure 1. Dependence of acoustic absorption coefficient upon frequency and water
vapor concentration (=0, 0.005, 0.01, 0.015, and 0.02% by weight).

The nonlinear dependence of absorption coefficient upon (in this case) water vapor
content is key to the technique being pursued here. Because of this nonlinearity, the total
absorption of a sound wave traversing the medium depends upon the local concentration values,
and not just the integrated sum across the line of sight. To demonstrate this point, consider the
total acoustic absorption across two gas profiles, both of which contain the same total amount of
water, see Figure 2.
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Figure 2. Two spatial profiles of water vapor concentration used to demonstrate
capability of absorption technique to determine gas mixedness levels (left) and ratio of
acoustic pressures for these two profiles (right).

Consider the total acoustic absorption across these two profiles. The figure above plots
the ratios of the acoustic pressure measured in the unmixed and perfectly mixed case. The figure
shows that this pressure only has a value of unity near 90 kHz and has a high of around 5 and a
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low of 0.2. This figure strongly suggests that comparison of the acoustic absorption measured at
a few frequencies can be used to infer levels of mixedness. Furthermore, given information from
enough frequencies, it also may be possible to extract information about the spatial unmixedness
profile, a point we discuss in our ARO report.

Facility Development

Having demonstrated the theoretical feasibility of being able to reconstruct the spatial
profile of the gas mixedness levels, we have assembled an experimental facility to attempt to
demonstrate this technique. It consists of an 8-foot long, 8 x 11 inch section aluminum duct that
is capped at one side and open at the other side. A box with one open end slides inside the duct.
Two gases of arbitrary composition, denoted as Gas A and Gas B below, flow through the main
chamber and the translating box.

Figure 3. Photo of facility developed for acoustic mixing measurements.

For this experiment, gases “A” and “B” simply consisted of two CO, sources with
different levels of impurity: research grade (99.999% purity) and industrial grade (99.98%
purity). The two gas flows are metered with velocities from 1cm/s to Sem/s. These velocities
and lengths were chosen based on diffusive mixing calculations based upon requirements that the
two gases could be essentially completely mixed when the box is positioned the farthest distance
from the transducer. As such, the degree of gas mixing can be varied via the box location and/or
the gas velocity

Acoustic signals are generated with one of two tranducers. A 38 mm diameter, type
616341 electrostatic polaroid transducer is used to generated sound in the 30kHz to 65kHz range.
A Massa piezoelectric crystal is used to generate sound in the 130-160 Hz range. Acoustic
measurements are obtained with a 1/8” type 4191 Bruel and Kjaer microphone. The speaker and
microphone are situated near the nozzle end of the duct.

Acoustic absorption measurements in Inhomogeneous Gas Flow

In the experiment, two initially unmixed gas streams enter the duct from

upstream. As these gases convect down the duct and mix, the acoustic absorption at different
axial locations are measured at several frequencies between 30-65 and 130-160 kHz. For each

frequency, two acoustic amplitudes 4,,.(f), A(f) are measured by varying the position of box,

1) the box is 1.2 m away from the microphone, where the gas can be regarded as perfect mixed,
and 2) the box is near the microphone. The gas is acoustically interrogated by bursts of 10-50
acoustic cycles at the desired frequency, followed by a pause in order to allow the reverberant
field to damp out, see Figure 4.
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Figure 4. Time dependence of acoustic pressure, illustrating spaced tone bursts.

At some axial locations, the flow field is apparently highly unsteady, likely due to vortex
shedding at the shear layer between the two gas streams. The unsteady mixing between the two
gas streams is highly visible in these pulsed acoustic data, as seen in the right figure above.
Although the measurements are not as clean as we would like due to this unsteadiness, we have
obtained substantial number of measurements suggesting that the proposed technique is viable
and that it is capable of discerning different levels of mixedness. F igure 5 illustrates the
amplitude a 45 kHz acoustic signal upon distance between the box and transducer. It shows the
monotonic decrease in amplitude with increasing distance (corresponding to increased
mixedness). The amplitude of the errorbar corresponds to the fluctuation level of the signal. The
large fluctuation at 20 cm is indicative of what are apparently large vortical structures that
rapidly mix the flow, as evidenced by the flatness of the amplitude curve for increasing
distances. An analogous curve illustrating the frequency dependence of the acoustic absorption
at two axial locations is also plotted in on the right. The figure shows the substantial difference
in acoustic pressure levels at the two axial levels across almost the entire frequency range.
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Figure 5. Dependence of 45 kHz amplitude signal upon axial distance between gas
stream origination point and acoustic transducer (left) and dependence of acoustic pressure
level upon frequency at two axial locations(right).
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CHEMICAL KINETICS AND AERODYNAMICS OF IGNITION
(ARO Grant No. DAAG19-01-0004)

Principal Investigator: Chung K. Law

Princeton University
Princeton, NJ 08544

SUMMARY/OVERVIEW

This program investigates nonhomogeneous ignition by studying premixed and nonpremixed,
laminar and turbulent ignition in the counterflow configuration, with emphasis on quantifying
the ignition limits of various fuels and identifying the controlling ignition kinetics. Three projects
involving both experiment and computation were undertaken during the reporting period. In the
first project, laminar premixed ignition was investigated for both hydrogen and propane. Results
show that the ignition temperatures of Hy/air premixture exhibit five limits over the pressure
range investigated. The first three limits mimic those of homogeneous explosion, but are shifted
to higher temperatures. The fourth ignition limit runs parallel to the crossover temperature but is
shifted to lower temperatures, and is attributed to HO, becoming part of a propagating route. At
the highest pressure range constituting the fifth ignition limit, HO, recombination results in the
generation of H,O; and consequently OH to facilitate ignition. Ignition of propane/air mixture at
atmospheric pressure was investigated as a comparison. In contrast to hydrogen, the ignition
temperature increases as the freestream becomes leaner due to the fact that the ignition kernel 1s
rendered leaner than the freestream because propane is less diffusive than oxygen. The second
project extends the previous non-premixed ignition of alkanes to alkenes (C-Cy), recognizing
that small alkenes are important intermediates in hydrocarbon combustion. Experiments showed
that the ignition temperature decreases with increasing pressure, which was also observed for
alkanes in the past. Numerical simulation is under way to help understand the experimental
results on alkenes ignition. In the third project, a two-step process was adopted to model
turbulent ignition that takes advantage of the possibility of decoupling the descriptions of
turbulence from chemical reaction due to the small amount of heat release prior to ignition.
Calculations using different mixing models indicated that turbulence intensity has little effect on
the ignition temperature, which is about 30K higher than laminar ignition temperatures.

TECHNICAL DISCUSSION

1. Premixed hydrogen/air and propane/air ignition
A previous study on the ignition of a lean premixed hydrogen/air jet by a counterflowing heated

nitrogen jet at atmospheric pressure demonstrated that the strong preferential diffusion of
hydrogen can lead to substantial hydrogen over-enrichment in the ignition kernel, leading to
retarded ignition characterized by increased ignition temperature with increasing freestream fuel
equivalence ratio, ¢. This study has since been extended in two directions: hydrogen ignition at
elevated pressures, and propane ignition at atmospheric pressure.

The study on hydrogen/air ignition at elevated pressures was motivated by the
recognition that ignition phenomena are inherently sensitive to detailed chemistry, and that such
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sensitivity is strongly manifested in terms of pressure variations. Figure 1 compares the
characteristic Z-shaped pressure-temperature explosion limits of a homogeneous mixture with
the present premixed counterflow ignition temperatures, determined from both experiment and
calculations, for 9% H; in air mixture (¢ = 0.236) versus heated N, at a pressure-weighted strain
rate of k = 216s™. The results show two important distinctions between the homogeneous and the
present premixed ignition situations. First, the counterflow ignition response curve is shifted
along the crossover temperature path to a higher temperature regime due to the reduced residence
time. Second, the ignition temperature exhibits five limits over the pressure range investigated.
These five ignition limits have the following characteristics.

The first three ignition limits qualitatively mimic the homogenous case. Quantitatively,
the pronounced H radical loss to the hot inert side pushes the first limit to end at a higher
pressure. The steepening of the second limit, which turns and forms the third limit, is due to the
increasing importance of R-18 (HO; + H,— H,0, + H). This reaction converts the relatively
inert HO, to the more reactive H radical and is greatly facilitated by the abundant H, within the
ignition kemnel owing to its preferential diffusion over O,. As the concentration of H is built up
with pressure, reactions between HO, and H (R10: HO; + H— H, + O; and R11: HO, + H—
OH + OH) start to influence ignition. The combined effect is to weaken the termination reaction
R9 (H+0,+M—HO;+M) by a factor of 2kio/(kiotky1). Ignition occurs at a lower temperature
than the crossover temperature, and an extended second limit behavior appears. Finally, as more
HO, are produced with increasing pressure, its recombination reaction R14 (HO; + HO;— H,0,
+ 0;) generates H,0, which further decomposes to two OH through R16 (H,0; + M—> 20H +
M). Thus ignition again becomes easier at the fifth limit. As a whole, the five limits of premixed
ignition can be interpreted as a global three limits behavior, with the third (explosion) limit
interrupted by the extended second limit which is the observed fourth ignition limit.

The counterpart of hydrogen/air ignition is propane/air ignition because propane, being
less mobile than oxygen, will render an originally lean mixture more fuel lean in the ignition
kernel. Thus while increasing ¢ will facilitate ignition, the extent is expected to be weakened.
Figure 2 shows that the ignition temperature decreases with increasing ¢, although the influence
of preferential diffusion cannot be readily separated out.

2. Nonpremixed (C_)ﬁﬁ alkene ignition

Nonpremixed ignition of (C;-Cs) alkanes was systematical investigated previously. Results
showed that the ignition temperature is strongly affected by three factors, namely the reactivity
of the alky! radical, which depends on the fuel structure, the effect of fuel size on diffusivity, and
the effect of finite rate kinetics and the complex coupling between reaction and transport for the
many intermediate species.

Since small alkenes are important intermediate constituents in the combustion of
hydrocarbon fuels, its oxidation processes have a large influence in constructing a framework for
the mechanism of hydrocarbon oxidation. We have therefore extended our ignition chemistry
study to alkenes.

Five fuels, ethylene, propylene, 1-butene, cis-2-butene and trans-2-butene, were tested
experimentally. The ignition response of ethylene and propylene were also numerical simulated
using detailed mechanism for experimental comparison. The responses of 1-butene, cis-2-butene
and trans-2-butene were not simulated due to the lack of validated chemical mechanisms.

Figure 3 plots the air temperature required to ignite the fuel mixture as a function of
pressure for ethylene and propylene. It is seen that the ignition temperature decreases with
increasing pressure. Similar results were also observed for the other three alkenes. Figure 3 also
shows that ethylene ignites at lower temperatures than propylene, possibly due to the fact that it
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is more diffusive and therefore has a higher concentration in the ignition kernel. Molecule
structure could of course also play a role in the difference.

The calculated ignition temperatures are about 70K higher than the experimental values.
The discrepancy is beyond the experimental error. Two factors may contribute to the
disagreement. One is the fuel diffusivity since the ignition temperature strongly depends on the
amount of fuel available in the ignition kernel. The other is the chemical mechanism. The
sensitivity of ignition on fuel diffusivity and chemical reactions are currently being investigated.

3. Modeling study of turbulent nonpremixed ignition

Our previous experimental study on the effects of turbulence on nonpremixed hydrogen ignition
showed that optimal conditions for ignition exist in weakly turbulent flows where the ignition
temperature is lower than either laminar or strongly turbulent flows at the same pressure. In order
to understand this phenomenon, computational simulation was conducted using Monte Carlo
techniques to solve a joint scalar PDF equation. The simulation involved calculating the velocity
field using a Reynolds stress model, and using this frozen flow field in the subsequent ignition
calculation. The decoupling is justified because the small amount of heat release prior to ignition
is not expected to affect the flow field. Results show that under most flow conditions, there is a
large increase in H at ignition that is orders of magnitude larger than the background
fluctuations. Heat release is shown to be negligible prior to ignition by examining the stochastic
particle temperatures conditioned on the mixture fraction. After ignition has occurred, effects of
heat release are evident in the conditional temperature data and the partially decoupled reactions
are no longer expected to accurately represent the flow conditions.

Figure 4 shows that, at atmospheric pressure, the calculated ignition temperatures are
about 30K higher than the calculated laminar ignition temperatures, and no appreciable variation
is noted for flows with different turbulence intensities. Similar over-predictions were noted
between turbulent and laminar calculations at pressures up to 3-4 atm. At still higher pressures,
the turbulent calculations do not clearly exhibit the third limit behavior found in laminar ignition.
These results differ from the experiment which did find an effect of turbulence intensity on
ignition temperatures and show a decrease in ignition temperature with bulk strain rate instead of
the increase shown in the turbulent calculations. At higher pressures, the quantitative agreement
between turbulent calculations and experiments improved but it is unclear whether the trends of
the two sets of data are qualitatively similar. Further modeling work is being conducted aiming
to resolve this discrepancy.
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PHYSICAL AND CHEMICAL PROCESS IN FLAMES
(AFOSR Grant No. F49620-01-1-0029)

Principle Investigator: Chung K. Law

Department of Mechanical and Aerospace Engineering
Princeton University, Princeton, NJ 08544

SUMMARY/OVERVIEW

The objectives of the present program are to develop detailed and simplified chemical
kinetics models for hydrocarbon combustion, and to understand and quantify the
dynamics of flames. During the reporting period progress were made in the following
projects: (1) Skeletal mechanism reduction by the method of directed relation graph
(DRG). A skeletal mechanism for ethylene oxidation with 33 species and 205 elementary
reactions was derived and validated. (2) Computational cost minimization without
accuracy loss was studied. A computer program was developed for automatic mechanism
specific code generation. (3) Acquisition of laminar flame speeds of hydrocarbon fuels at
elevated pressures. (4) Oscillatory blowoff of flames.

TECHNICAL DISCUSSION

1. Skeletal Mechanism Development Using Directed Relation Graphs
The first step towards reduction of a detailed mechanism is the elimination of

unimportant elementary reactions to the level of skeletal mechanism. Previously this
procedure was conducted through “experience”. In this endeavor we attempt to develop a
rational methodology towards elimination. In the present approach the dependence of a
species on other species in a large mechanism was transformed to a Directed Relation
Graph (DRG), in which each species represent a vertex and there exists an incident
directed edge from vertex A to vertex B if and only if it requires the existence of species
B to accurately calculate the production rate of species A. The weight of the edge from A
to B in the DRG is defined as the normalized contribution of B-related elementary
reactions in evaluating the production rate of species A. Weak dependence of a species
on another, indicated by an edge weight smaller than a given small threshold value, can
therefore be eliminated. A group of species, which are strongly coupled with the major
species such as the fuel and the oxidizer, can be identified by a depth first search (DFS),
in linear time, starting from these major species. Skeletal mechanisms of different levels
can be generated from the strongly coupled group by specifying different small threshold
values. For the ethylene/air system, the dependence of species number in the skeletal
mechanism on the given threshold value is shown in Fig. 1.1. The jumps in Fig 1.1 show
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the truncation of strongly coupled groups, and the truncation should be performed at one
of the jumps. It is also observed that starting from a very small threshold value, the

number of species in the skeletal
mechanism increases as the threshold
value increases and as the threshold value
approaches 0, the skeletal mechanism
approaches the detailed mechanism. This
linear time algorithm for fast mechanism
reduction can also be applied for solving
large problems exploiting Newton solver,
for which searching for the initial guess
can be extremely difficult and time
consuming.

For ethylene oxidation a skeletal
mechanism with 33 species and 205
elementary reactions was derived from a
detailed mechanism with 70 species and
463 elementary reactions. The skeletal
mechanism yields close agreement with
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those obtained by using the detailed mechanism for perfectly stirred reactor (PSR), auto
ignition, 1-D planar premixed flame, and counter flow diffusion flames over the pressure
range of 0.1~30 atm, equivalence ratio range of 0.6~1.5, and an extensive temperature
range. The comparison of the skeletal mechanism with the detailed one for PSR and auto
ignition is shown in Figs. 1.2-1.3 respectively.
Further validation of the skeletal mechanism for 1-D laminar premixed flames
and counter-flow nonpremixed ignition is shown in Figs. 1.4 and 1.5. The agreement can

be considered to be quite satisfactory.
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2. Mechanism Specific Computational Cost Minimization

Figure 1.5

The computational cost for detailed mechanisms can be reduced significantly through
mechanism specific optimization without loss of accuracy. Such optimizations include
methods such as redundant or trivial term elimination, pre-calculation of the best
sequence of serious operations, dynamic caching of frequently recalculated terms, and
employment of special functions for specific parameter ranges. The above methods are
obviously mechanism-dependent or even machine dependent. However, it only needs to
be done once for one mechanism and can be used forever. Therefore it is highly desirable

that every detailed mechanism should
come with an optimal computation
sequence in the form of a compliable
software subroutine.

A computer program has been
developed to search for the best or nearly
best computational sequence and to
generate FORTRAN subroutines for fast
calculation of chemical reaction rates. The
time savings for skeletal reduction with
and without this software optimization are
compared with those of the detailed
mechanism are shown in Fig. 2.1. It can'be
seen that the combination of highly
accurate skeletal reduction with this
software optimization can easily achieve
the time savings of more than one order of
magnitude.
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3. Experimental Determination of Laminar Flame Speeds at Elevated Pressures

Efforts were continuously being expended towards acquisition of laminar flame speed
data for practical use as well as for the development of comprehensive oxidation
mechanisms for hydrocarbon fuels. Two major directions were initiated during the
reporting period. First, the pressure range of determination has been extended to that of
20-60 atmospheres. This was accomplished through the use of a new combustion
chamber that allows high and constant pressure combustion with the capability of optical
observation. Second, while previous experiments were mainly concerned with alkanes,
new experiments were initiated on the major combustion intermediates including the
alkenes. Specifically, data were taken on ethane, ethylene, propylene, and iso-butane,
with equivalence ratios between 0.7 and 1.40 in increments of 0.1.These data are
currently being analyzed.

4. Oscillatory Flame Blowoff
Previous efforts on unsteady flame behavior were mainly on flame extinction. In

particular, it was shown quite convincingly that Le>1 flames frequently oscillate before
extinction, and as such could modify the extinction boundary based on steady-state
extinction consideration. The investigation has now been extended to flame stabilization
and blowoff. Since Le>1 flames are intrinsically pulsatingly unstable, there is reason to
believe that the stabilization and blowoff boundaries could also be affected by pulsation.
A 2D computer code with detailed chemistry and transport has been under development
for this project.
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EXPERIMENTAL AND COMPUTATIONAL CHARACTERIZATION
OF COMBUSTION PHENOMENA

AFOSR Task No. 02PR0O1ICOR

Principal Investigator: James R. Gord

Air Force Research Laboratory
AFRL/PRTS Bldg 490
1790 Loop Rd N
Wright-Patterson AFB OH 45433-7103

SUMMARY/OVERVIEW

Propulsions systems represent a substantial fraction of the cost, weight, and complexity of Air
Force aircraft, spacecraft, and other weapon-system platforms. The vast majority of these
propulsion systems are powered through combustion of fuel; therefore, the detailed study of
combustion has emerged as a highly relevant and important field of endeavor. Much of the work
performed by today’s combustion scientists and engineers is devoted to the tasks of improving
propulsion-system performance while simultaneously reducing pollutant emissions. Increasing
the affordability, maintainability, and reliability of these critical propulsion systems is a major
driver of activity as well. This research effort is designed to forward the scientific investigation
of combustion phenomena through an integrated program of fundamental combustion studies,
both experimental and computational, supported by parallel efforts to develop, demonstrate, and
apply advanced techniques in laser-based/optical diagnostics and modeling and simulation.

TECHNICAL DISCUSSION

While this AFOSR-funded -program involves numerous ongoing investigations, just-a few
recent advances are described in this abstract. Many other ongoing activities have been reviewed
during recent AFOSR/ARO Contractors Meetings and are not discussed at length here.

Continuing Collaborative Studies of Vortex-Flame Interactions with Ecole Centrale Paris and
ONERA. The investigation of vortex-perturbed counterflow diffusion flames is critical to our
understanding of fundamental combustion processes. These interactions represent idealized
turbulent combustion phenomena, and their studies will drive the development and evaluation of
simplified models to be used in design codes for practical combustion systems. Here we discuss
continuing work in two configurations: a counterflow flame perturbed by multiple colliding
vortices and a two-phase counterflow flame perturbed by a single vortex.

Initial work in the multiple-colliding-vortex configuration has been focused on the generation
of small-scale multiple-vortex-flame interactions to simulate turbulent conditions with improved
fidelity. Because the counter-propagating-vortex configuration induces a stationary vortex-flame
interaction, the early stages of interaction represent an idealized vortex-induced flame extinction.
Current work in this area has been designed to explore the feasibility of extracting a single
universal criterion for local flame extinction induced by dynamic strain.

Changes in the structure of a flat counterflow diffusion flame during its interaction with
multiple incoming vortices have been investigated using planar laser-induced fluorescence
(PLIF) of the hydroxyl radical (OH) and an in-house time-dependent computational fluid
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dynamics code with chemistry [T X
(CFDC) known as UNICORN. RE

Excellent agreement between
experimental and computational
data has been achieved, as
documented in Figure 1. Three
variables were investigated for
various incoming vortex velocities
to characterize the observed
quenching process: the air-side
strain rate, fuel-side strain rate, and the scalar dissipation rate. Here, strain rates are defined as
the component of the velocity gradient normal to the flame surface, and scalar dissipation is the
vector product of the fuel concentration gradient with itself. It is found that none of these
variables can individually characterize the quenching process associated with unsteady flames.
It is proposed instead that a variable proportional to the air-side strain rate and inversely
proportional to the temperature-drop rate at extinction could characterize the unsteady quenching
process. Figure 2 shows that the air-side strain rate increases linearly with the temperature-drop
rate. Since temperature drop directly correlates the 2400
balance between the reactant influx and its consumption SRR AL
in the flame zone (extent of non-equilibrium nature of [ ]
the reactions), Fig. 2 suggests that the quenching value
of the air-side strain rate increases with the extent of {
non-equilibrium chemistry taking place in the flame 20001
zone. By defining a variable that is proportional to the

Figure 1. Computed temperature vs. OH PLIF data for a
flat counterflow diffusion flame perturbed by multiple
vortices.
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In the two-phase vortex flame
configuration (Fig. 3), early work
was focused on demonstrating the
experimental  technique  and
discerning the effects of fuel
composition,  droplet  seeding
levels, and PAH fluorescence on -
the CH PLIF signal. Recent work
has been focused on detailed
analyses of the rate of CH layer
extinction and the evolution of Figure 3. Flow configuration (left) and simultaneous
flame surface area during the two-  pLIF/PIV images during two-phase vortex-flame
phase counterflow flame inter- interactions (middle and right).
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action with fuel-side vortices of varying size and strength. Detailed analysis of the strain rate
along the centerline has also been performed using PIV data acquired simultaneously with CH
PLIF, as shown on the left in Fig. 4. Vortices of similar initial circulation but differing size show
widely disparate peak strain rates and CH decay rates due to varying levels of flame-induced
vortex dissipation. As shown in the center plot of Fig. 4, the CH decay rate is nearly linear in
time with increasing slopes at higher fuel-side strain rates. These data are useful for evaluating
the extinction behavior of two-phase vortex-flame interactions in the context of the universal
criterion suggested above as modified for the case of a single fuel-side vortex.
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Figure 4. Experimentally measured normal strain rate along the centerline (left), normalized
CH PLIF as a function of strain rate and time after vortex arrival (middle), and evolution of
normalized flame surface area as a function of strain rate and time after vortex arrival (right).

Dual-Pump, Dual-Broadband Coherent Anti-Stokes Raman Scattering for Characterization of
Liquid-Fueled Combustors. Our FY02 abstract described collaborative development with Prof.
Bob Lucht (Purdue University) and his team at Texas A&M University of triple-pump CARS.
That effort has been expanded to yield a dual-pump, dual-broadband CARS system for
simultaneous detection of temperature and three species concentrations in reacting flows. In this
CARS system, the rotational transitions of N»/O, and the rovibrational transitions of N»/CO; are
probed. The CARS spectra of each molecule pair are observed within a distinct wavelength
band, allowing two molecule pairs to be measured simultaneously using a detection system that
includes two spectrometers and two cameras. Since nitrogen is a common species in each
molecule pair, it can be used as a reference for normalizing species concentrations and for
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Figure 5. CARS signals obtained in the exhaust stream of the CFM56 combustor.
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improving the accuracy and dynamic range of temperature measurements. Demonstration of this
measurement technology has been accomplished in the exhaust of a liquid-fueled, swirl-
stabilized CFM56 combustor. These measurements were performed to investigate the exhaust-
stream temperatures and CO, concentrations for various jet fuels over a range of equivalence
ratios. The effects of fuel additives on these combustor parameters were explored as well.
Representative data are captured in Figure 5.

Transient-Grating _Thermometry in a Trapped-Vortex Combustor.  Transient grating
spectroscopy (TGS, also known as laser-induced thermal acoustics or LITA) is a nonlinear
optical technique that can be applied to measure gas temperature, sound speed, thermal
diffusivity, and various other parameters of interest in reacting flowfields. Two pulsed pump
beams derived from the same laser are crossed to generate a laser-induced grating in the probe
volume via nonresonant absorption. The local hydrodynamic response produces two counter-
propagating sound waves that scatter a phase-matched probe beam to yield a beam-like signal.
In turbulent environments, single-shot signals are acquired and analyzed to produce probability
density functions (PDF’s) of the inferred temperature.

As part of our continuing effort to develop and apply this technique, transient grating
thermometry has been performed in the rich flame zone of a TVC operating under turbulent,
pressurized, JP-8-fueled conditions. Measurements were accomplished at pressures of 50, 75,
and 100 psi with local equivalence ratios in the range 1-1.25. The pump beams were derived
from the 565-nm output of a Nd:YAG-pumped dye laser. The cw output of a vanadate laser (532
nm) provided the probe beam. While the pump lasers were not tuned to a particular molecular
resonance, the detected signals showed clear signs of thermalization and the absence of
nonresonant electrostriction. Soot particles and soot precursors are the likely absorbers
responsible for signal generation. Beam steering was clearly evident in the form of variable
pointing and random spatial modulation of the exiting beams. Due to such adverse affects,
signal was not obtained on all laser shots; however, useful signals were generated with sufficient
frequency to permit meaningful temperature measurements.

A typical single-shot signal is depicted in Figure 6. A temperature PDF constructed from
~800 analyzed single shots is depicted in Figure 7. The resulting PDF is centered at 2000 K.
The breadth of the PDF largely reflects the local dynamic nature of the reaction zone as pockets
of fluid in different relative states of combustion maturity pass through the probe volume. The
far wings of the PDF also contain contributions from electronic noise (particularly at high
frequency) and processing noise (particularly at low frequency). Note that all signals were
processed with no discrimination against those with very low si gnal-to-noise ratios.

Transient Grating Spectroscopy
LN B B 4 T vt lllllllll{llll zoo Trrr rrrr TUrT LIRS LELELER LA ) L] T
H !

//‘ \\'\
AR RN

W4 »

1
H

= Signal
11— Filtered Signal [ 150

rryrr | rrry

100

POF

0.4

llllllllllllll
NS BN NN

Relative Intensity

02

LS ELONL D B LA A 20 O 0 O B A e

TYrT ™ T

/i

-0.2 1‘|§|||l y S J W .} ’ S T T | Ll i1 0 Lt i il VU SN A Y
[ 50 100 150 200 250 0 500 1000 1500 2000 2500 3000 3500
Time (ns) Temperature (K)
Figure 6. Single-shot TGS signal Figure 7. Temperature PDF constructed
acquired in the rich flame zone of a TVC through analysis of ~800 single-shot
operating under turbulent, pressurized, signals acquired in a TVC operating at a
JP-8-fueled conditions. pressure of 100 psi.
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SUMMARY/OVERVIEW:

This thrust is aimed at understanding transient engine performance. The work described
here has two thrusts: clarifying how engine performance and emissions change with engine
operating conditions and understanding engine performance during changes in operating
conditions. A general expectation is that future Army powertrains may employ smaller
displacement, higher speed engines that can provide higher power density output for smaller and
lighter future vehicles, with a potential for improved fuel economy as well. As these powertrains
are likely to operate under highly transient conditions, understanding of the characteristics and
limits of transient operation is important.

TECHNICAL DISCUSSION
Engine and Transient Dynamometer System

A transient engine dynamometer is a hydraulic-based dynamometer system, similar to
those constructed in the PCRL at UW-Madison [1]. The system consists of a test engine that is
connected to a positive displacement hydraulic pump. The flow, and therefore the pressure, of
the fluid entering and exiting the pump are computer controlled with a high-speed servo valve
and the pump displacement is variable as well. The pressure difference across the dynamometer
pump generates the torque needed to control the engine, while the variable displacement affects
the flow rate and resulting speed of the pump. Software written using LabVIEW, is used to loop
through interrogation of the sensors, estimation of output results based on simple feed-forward
models, and checking of those results.

The results for the system in its current state are illustrated in figs 1, 2, and 3. Figure 1
shows the system response to a step change in torque request when operating in a motored
condition. The measured torque follows the torque request with some rise time delay. The
oscillations in the measured torques signal are artifacts of the torque variation as each of the 4
engine cylinders goes through a compression stroke. At higher torque values, these oscillations
are not as evident. Figure 2 shows the requested torque and measured torque in a condition in
which the requested torque varies somewhat sinusoidally with time. Figure 1.4 shows a trace for
the dynamometer with a step change in speed requested. The measured speed follows the request
with a time lag. Note also the torque spike needed to rapidly adjust the speed to match the
request.

Cavity Ring-Down Spectroscopy for Particulate Measurement

For transient engine experiments to be really useful, transient emsission measurements

are necessary. Commercial devices are available to measure HC and NOx with small time
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constants (~ 2 ms), but similar measures for particualtes are not available. This project is aimed
at developing a method for high speed particulate measurement, with possible extension to other
engine out constituents.

The method under investigation is Cavity Ring-Down Spectroscopy (CRDS) which is a
method employing light absorption in a multipass optical cell [c.f. 2,3]. The unique feature of
CRDS is that the actual measuremnt is not total attenaution, but the rate of change of attenuation
as a laser pulse is multipassed thorugh the ce!l and gradually decays due to absorption. A
schematic of a simple CRDS system is shown in fig. 4.

A pulsed DPSS laser with a high rep rate (2 kHz), low power (1 mJ) pulse, and a
relatively long pulse length was used, primarily because of its compact dimensions. As it is not
injection seeded, the line-width is not as narrow as for an injection-seeded Nd: YAG (used in
initial evaluations) resulting in shorter ringdown times. To assure resonance in the cavity, one of
the mirrors was mounted on a piezoelectrically driven mount to allow axial scanning of the
mirror through a distance of about one wavelength. Ringdown intensities varied significantly for
in-resonance vs. out-of-resonance conditions. The DPSS CRDS is shown in fig. 5.

Sample results for the DPSS system are shown in fig. 6. F igure 6 shows an overall set of
results for a wide range of absorption using a soot surrogate (DCF). The range of likely interest
in a diesel engine is indicated by the BSU (Bosch Smoke Number) indicators. For this data, the
mass of DCF in the test cell was varied to produce over an order of magnitude change in
absorption coefficient. Note that in fig. 6 the sensitivity of the ringdown time to gas absorption is
poor. Most gas-phase CRDS systems use light sources tuned to an IR absorption (emission) band
of the gas of interest to dramatically increase the sensitivity of the measurement. As 532 nm
(doubled Nd:YAG) is far from any resonance for these molecules, gas phase sensitivity using
this wavelength is poor. Since particulates are usually considered broadband absorbers,
wavelength selection should be less critical for particulate measurements.

Particulate Composition Variation with Operating Conditions

As mentioned above, in considering engines operating under a range of conditions and
experiencing frequent changes in conditions, understanding of the impact of varying operating
conditions is important.

One indicator of engine behavior is the detailed composition and size of the particulates
produced. The mass of the elemental carbon, organic carbon and the sulfate contained within the
particulate changes significantly as the engine load is changed. These trends are shown in fig. 7
for two different engine speeds. As the load increases the proportion of the particulate matter
that is elemental carbon increases and the proportion of the particulate matter that is organic
carbon decreases. The proportion of the particulate matter that is sulfates also increases as the
load increases. This trend occurs at both engine speeds tested. The insert in each figure gives
the fraction of the particulate matter that is respectively elemental or organic carbon, and shows
how that fraction changes with load. As the particulate emission is indicative of incomplete air
utilization, and hence an indication of approaching the limit of the power density, these data
indicate that the details of the chemical energy conversion processes at these power limiting
conditions, are different for these two operating conditions.

Data for trace metals, magnesium, calcium, manganese, iron and lead, for different
engine loads at speeds of 1200 RPM and 1800 RPM are shown in fig. 8. Note the values of
calcium are divided by 20, in order to display them on the same scale as the other trace metals.
That is, calcium is the dominant trace metal measured in these experiments. Calcium is not
present in the fuel, so these data can be used to assess the participation of the lubricating oil in
the combustion process and show that the lubrication oil contributes to the particulate matter in
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SUMMARY

Military requirements cannot be met by commercial diesel engines designed to meet the stringent
emission standards. The goal of this program is to develop a computer based adaptation tool to
determine the engine control strategy needed to achieve the military goals of best fuel economy,
high power density without any black smoke or excessive stresses on key engine parts, reliable
cold starting without emitting white smoke. Further more, the strategy would enable the engine
to run on JP-8 instead of the regular DF-2 fuel. The scope of this paper is to develop a model to
predict the cold starting behavior of the engine if DF-2 is replaced by JP-8. JP-8 is more volatile
and has a lower Cetane Number, CN, than DF-2 fuel. The model predictions are compared with
experimental data on a single cylinder diesel engine tested in a cold room under various ambient
low temperatures.

Background

Commercial heavy-duty diesel engines are required to meet stringent emission standards for-
nitrogen oxides (NOy), particulate matter (PM) and Hydrocarbons. To achieve these goals,
Exhaust Gas Recirculation (EGR) is used to reduce NOy, with a side effect of increase in PM.
To reduce PM, very high injection pressures are required. The higher the injection pressure, the
more is the energy consumed in driving the pump. To further reduce NOx, the EGR is cooled.
This adds a substantial load on the engine cooling system which requires a larger coolant
circulating pump, larger radiator area and larger fan. All these devices add to the volume and
mass of the power train, in addition to their negative impact on peak power and fuel economy.

Adaptation of Commercial Engines to run on JP-8

Military vehicles are required to run on JP-8 instead of DF-2. These two fuels have different
distillation ranges, volatilities and CNs. Figures 1 and 2 show a gas chromographic analysis of
JP-8 and DF-2 respectively. JP-8 fuel contains lighter hydrocarbons than DF-2.  Lighter
hydrocarbons are known to be more volatile have lower CN.

The issue is to find out how would JP-8 affect the cold startability of the diesel engine at low
ambient temperatures. Engine starting consists of two modes of operation:
1. Engine motoring during the cranking period
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2. Engine acceleration after the start of combustion.
The scope of this paper is to find the effect of running the commercial direct injection diesel
engine on JP-8.

Objectives

1. Develop a mathematical model that would account for the effects of fuel volatility and CN on
the cranking period.

2. Determine the effect of using JP-8 fuel instead of DF-2 on the length of the cranking period.
at low ambient temperatures.

: GG
¢ |G
i
m_ ' Gg
X!
E 1Y :
L S o il 1 b w R

o

Figure 1. GC trace showing the
constituents of DF-2

Figure 2. GC trace showing the
constituents of JP-8

A New Mathematical Model for Cranking Period

The model consists of the following sub models

1. Compression Pressure And Temperature Sub Model
(a) Effect of cranking period on wall temperature sub model
(b) Effect of accumulated fuel on compression ratio sub model
(c) Effect of cranking speed sub model

2. Fuel Vapor Concentration Sub Model
(a) Spray evaporation sub model.
(b) Liquid film accumulation on the wall and evaporation sub model
(c) Recycled fuel vapor sub model

A New Autoignition Index (AI)
This index combines the effects of gas temperature and fuel vapor concentration

(a) To determine the first firing cycle
(b) To determine the length of the cranking period.
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Comparison Between The Starting Of A Single Cylinder Diesel Engine On DF-2 and
JP-8. Fuel At Room Temperature = 0°C.
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Conclusions

1 A first generation simulation model for the cold-start cranking-period has been developed.
The model indicated the following:
a. CN alone is not a good indicator of the number of cranking cycles.
b. Fuel volatility is as important as CN in controlling the cranking period.
2. A new auto-ignition index (AI) has been developed to combine the effects of volatility and
the CN.
3.The model predictions indicated that the volatile paraffin components of the DF2 and JP8 are
the initiators of the autoignition process at the end of cranking period.
4.The model predictions agreed with the results of experiments on a single-cylinder diesel engine

Future Work

1.Develop a second generation model based on experimental data for the vapor pressure of the
actual fuels as a function of temperature.

2.Combine the combustion instability model and the cranking prediction model to predict the HC
(white smoke) emissions.

3.Extend the model to multi-cylinder heavy duty diesel engines .

4.Apply the model to determine the electronic controls strategies to reduce the cranking period,
combustion instability and HC (white smoke) emissions.
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SUMMARY/OVERVIEW: -

The focus of the program is developing engineering models for direct injection (DI)
diesel engine performance and emissions. Present work is focused on development of
phenomenological DI diesel ignition, combustion, and NO, models for inclusion in cycle
simulation type codes that predict engine performance and emissions. Over the past year study
of the ignition of hydrocarbon fuels in strained flow fields, like those found in DI diesel engines,
has received primary emphasis. One phase of this work involves analysis of counterflow and
liquid pool experiments using thermal ignition theory to determine global chemical ignition
delay activation temperatures and is discussed below.

TECHNICAL DISCUSSION

Introduction: The DI diesel engine community has used one-equation models for ignition delay
in engines for many years. Wolfer [1] was the first to propose the use of an inverse Arrhenius
expression for ignition delay of diesel sprays,

1, =Ap " exp(E, /RT) 6]
where A, n, and E, (apparent activation energy) are model constants, p and T are the charge
pressure and temperature, and R is the ideal gas constant. Equation (1) lumps liquid fuel
evaporation, mixing of fuel with charge, and chemical delay into one chemical kinetic term. As
a result, correlations apply only to the injector/engine tested and exhibit activation energies or
temperatures that can be as much as ten times lower than those obtained in well-mixed,
controlled systems used to isolate and study the chemical delay. Here classical thermal ignition
theory is extended to the relatively straightforward fluid mechanic environment of a counterflow
burner to clarify how both chemistry and mixing can be included in a more general one-equation
model. This new model is validated with ignition limit data for ethane or ethene with O»/N;
either premixed or unmixed in the counterflow arrangement and liquid diesel fuel in a pool
configuration. Since the overall mixing time in this burner is known a priori, the data can be
manipulated to yield global chemical ignition delay activation temperatures for these fuels.

Experimental: Under ARO funding Seshadri and co-workers performed autoignition
experiments at atmospheric pressure using counterflow and liquid pool configurations for three
cases [2-3]. Case 1 utilizes cool premixed reactants flowing toward a heated inert gas moving in
the opposite direction, case 2 involves cool gaseous fuel approaching an opposed flow of heated
oxidizer, and case 3 employs a pool of liquid fuel heated by the oxidizer flow directed normal to
the pool surface. For ignition in the unmixed cases, cases 2 and 3, fuel is provided from a duct
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or pool (stream 1) at room temperature, Ty, and various velocities, V,, with nitrogen as an inert
diluent when the fuel is gaseous. The oxidizer and nitrogen enter from the other duct (stream 2)
at velocities, V,, and elevated temperatures, T, both of which are variables in the tests. The hot
oxidizer from stream 2 is the heat source for the fuel, and the opposed flow induces fuel-oxygen
contact at the stagnation region where the flow turns radially outward and the flame appears
upon ignition. The premixed configuration, case 1, is similar, except that the gaseous fuel and
oxidizer are premixed in stream 1, and stream 2 is composed of nitrogen that provides the
thermal energy.

Ethane and ethene over a range of equivalence ratios were studied [2] for both the
unmixed and premixed counterflow configurations. Mobil DF-2 fuel was utilized for the liquid
pool ignition experiments [3]. For all fuels, the stream 2 temperatures were slowly increased
from room temperature up to a critical temperature where ignition was sustained. The critical
conditions for autoignition were determined by the appearance of a visible flame.

Seshadri [2] reports the stream 2 temperature ignition limit data for gaseous fuels in terms
of the strain rate on the oxidizer side of the stagnation plane, a,, defined as:

_ ZIVZI(H YilVer ]
2
L [VJe,

where L is the distance between the two ducts, and p is density. For the case where DF-2 vapor
is supplied from the pool of liquid fuel in place of the lower jet, Payer [3] simplifies Eq. (2) to
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Thermal Ignition in Counterflow Burner Configurations: In his development of thermal
ignition theory, Frank-Kamenetskii [4] analyzes the premixed fuel-oxidizer contents of a
constant volume vessel with no ignition source other than hot walls. He finds that ignition will
occur for Damkéhler numbers above a constant critical value, as shown by

Da=_s > (—ti‘] = constant 4)
Thc» Thc crit
where 14 is the heat transfer time and 1y, is the kinetic time.

Thermal ignition theory is applied to the three experiments to be examined here by
Mellor et al. [S]. In their derivation the heat transfer time is taken inversely proportional to the

strain rate. The resulting critical value for the Damkéhler number is given by

Da_, = (ls‘—) = constant =i"Ae™*"c? —E%—-l— 5)
The e *" RT, PC,2,|

where 1 is the number of moles of O, per mole of fuel in the global reaction, a and n are the fuel
and overall reaction orders in the global reaction, A and E are the pre-exponential factor and
activation energy for the global reaction, Q is the fuel heating value, co, ¢ is the concentration of
O,, p is density, and c; is the constant pressure specific heat. In the first experiment, oxygen and
fuel enter the combustion region in stream 1 at 298 K. Substituting these values into Eq. (5),
replacing concentration with mol fraction (x), and rearranging, the ignition criterion becomes:

T e n X, ) EQ p™
(—“) = constant =iAe E’RT’( 02"] Qp
thc crit RTI cpTZ aZ lcn't

©
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In the second and third experiments, both involving diffusion flames, fuel enters in stream 1 at
298 K, while oxygen and nitrogen are provided by stream 2 at T,. For these cases, Eq. (5) can be
written to give the ignition criterion as:

n-1-
T | = constant =i*Ae™® *ex? ——E—(B) Qn“ L @)

The ) “RA\R/ ¢/ I," a, "

If all constant terms in Eq. (6) or (7) are combined and the logarithm of the result is
taken, Eq. (8) is obtained:
E
In (a,p™"T'T, })=- +B 8

( 2p i 72 ) RT ( )

2

where i = 1 for premixed cases, i = 2 for unmixed cases, and B is a constant. Following
Spadaccini and TeVelde [6], n might be assigned values of 1 or 2, at least for DF-2. Equation (8)
indicates how a semi-logarithmic graph involving the strain rate, pressure, and hot stream
temperature at the ignition limit can provide an overall activation temperature (E/R) from the test
results.

Results: The counterflow burner ignition data from Seshadri [2] are graphed in the form of Eq.
(8) in Fig. 1 for n equal to two. The activation temperatures (E/R) and constant terms (B)
determined from the best-fits shown in Fig. 1 and from a similar graph for n equal to one are
presented in Table 1 along with the fit statistics.

Table 1: Activation temperature (E/R), y-intercept (B), and fit statistic for each fuel and
test configuration forn=1and n = 2.
n=1 n=2
' (ER) X) B R® | ER)K) R’
ethane (premixed) 18918 33.54 |0.9990 | 18918 27.71 | 0.9990
ethene (premixed) 19448 34.13 | 0.9999 | 19448 28.29 | 0.9999
ethane (unmixed) 21204 38.27 | 0.9900 | 22358 34.80 | 0.9908
ethene (unmixed) 23206 40.73 | 0.9872 | 24315 37.22 | 0.9883
diesel (liquid pool) 22067 38.18 | 0.9987 | 23242 34.72 | 0.9988

The correlated values of activation temperature range from 18900 to 24300 K for all test
cases. Higher global activation temperatures are indicated for the unmixed cases than for the
premixed case, indicating a relative ease for oxidative pyrolysis. However, at similar strain rates
ignition occurs at lower temperatures for the unmixed cases. The assumed value of n does not
contribute to the correlated values of activation temperatures for the premixed test case (the
stream 2 temperature term on the left side of Eq. (8) is independent of n) and contributes only
slightly to the values for the unmixed and liquid pool test cases since the range of T,
temperatures is small and the pressure is maintained at one atmosphere for all tests. The
activation temperatures reported in Table 1 for ethane and ethene are comparable to those
presented in the literature for premixed or well-mixed fuel-oxidizer systems in similar ranges of
temperature, pressure, and equivalence ratio, confirming the validity of the approach suggested
here [5]. No comparison of this type is possible for diesel fuel.

Future Efforts: Thermal ignition theory has been applied to DI diesel sprays in a manner

similar to that discussed above [7]. The results presented here indicate that the activation
temperature of diesel fuel is ~ 23000 K. With the diesel fuel global ignition delay activation
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temperature known, an appropriate expression for the mixing time in a diesel spray is now being
investigated using results of injection into a constant volume bomb and DI diesel engine tests.
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Figure 1: Results of model given by Eq. (8) applied to counterflow burner data for n = 2. Index
1=1 for premixed cases and i = 2 for unmixed/liquid pool cases.
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Piscataway, NJ 08855-0909

OVERVIEW:

Direct-injection (DI) Diesel or compression-ignition (CI) engine combustion process is
investigated when new design and operational strategies are employed in order to
achieve a high power-density (HPD) engine. This goal is being achieved by developing
quantitative imaging and speciation methods of in-cylinder reaction processes.

New methods being used in the study include: (1) a digital imaging system with
consisting of five (5) units of high-speed cryogenically cooled infrared focal plane
arrays operated by a single electronic-control-package, (2) a four-color-method (FCM);
(3) an optical DI-CI engine, (4) Rutgers Animation Program (RAP) and (5) new
electronic packages for imaging system.

During the reporting period, the construction of new five-camera system comes to near
completion, which will permit acquisition of four sets of spectral digital image and a
set of spectra distribution. An entirely new data processing method (i.e., FCM) is
being constructed in order to process raw data from the imaging system. For this, a
new optical DI-CI engine (using a Cummins 903 unit) has been constructed. In

. addition, for handling and processing of results from the above, a new RAP program
has been developed. Also a new electronic control system is being fabricated.

TECHNICAL DISCUSSION

Five-Camera-Imaging-System. In addition to improvements (as explained later)
- made on the existing four-camera high-speed spectral infrared imaging system (SIS),
" anew optical package has been designed and fabricated that includes a unit of high-

speed IR digital cameras (Modified Czerny-Tumer IR Spectrometer, MCTIRS) as

shown in Fig. 1. This is placed right above the SIS so that when both systems are
operated four sets of spectral images and a spectra distribution are simultaneously
captured at successive instants of time. The MCTIRS has been designed to capture
distributions of spectra within the spectral range the SIS. When four geometrically
identical images in respective spectral bands and a spectra distribution are
simultaneously obtained at high rates from the combustion chamber during the
preflame and combustion periods, an improved understanding of complex DI-CI

39




NEWTONIAN MIRROR:
25.4 mm diameter
protected gold first surface
GERMANIUM LENS:
115 mm focol length, 1/ 2.3
2.1 - 55 pm bandwidth

IMAGE PLANE:
positive grating orders

IMAGE PLANE:
negolive groting orders

DIFFRACTION GRATING:
35 grooves/mm, 2.3368 deg blaze ongle
26 x 26 mm blazred orea

e
_/_ﬁ]
SUT HOLDER:
9.5 mm substrate diomater

voriable slit width

——— WMITE LIGHT
——em= 2 pm WAVELENGTH
. 5 pm WAVELENGTH

SPHERICAL MIRROR:
I™~76.2 mm diameter, 1/1
protected oluminum first surface

Fig. 1. Modified Czerny-Turner Infrared Spectrometer.

engine processes will be achieved. Since pressure-time history is also included in
analysis of those results obtained at high rates in the SIS-MCTIRS system, a new
animation program of displaying six images for each experiment is required, which is
being done as explained later. The new unit will be explained more in the presentation.

Four-Color Method (FCM). Because of limitations and difficulties of our earlier
spectral methods of achieving quantitative imaging (i.e., determination of
distributions of temperature, and species within combustion products), an “entirely”
new data processing method is introduced. Mentioning the limitations/difficulties,
the mapping method (we introduced earlier) is effective in solving low degree
problems (e.g. two spectra data processing) but when the number of unknowns
increases (degree of 3 or 4, like we face at present), generation and manipulation of
“spatial” iso-intensity curves becomes difficult to achieve. Also due to its extreme
sensitivity to “imperfect” measurements, the error rate is expected to be high. Our
new band ratio method (including pressure effects) is applicable in optically thin
objects with the assumption that other strong radiation effects (e.g. from soot) may be
neglected, which, however, is effective in simple cases (e.g. SI engine operated by
gascous fuel) but not in real-world complex engines (e.g. compression engine
environment). Our multi-band iteration method was to “theoretically”
eliminate/minimize those problems mentioned above. It is often difficult, however,
for the iteration to converge in high dimension-coupled-problems, which stems from,
as we found later, that there are multiple solutions to a set of (measured) radiation
intensities. (Typically, one scenario of a higher wall temperature with low soot
concentration versus another having a low wall temperature and high concentration/
temperature soot.) The iteration, therefore, has hit the so-called intervention area.

The new FCM technique has been developed based on approaches employed in non-
engineering fields, as briefly explained next. First, the basic idea of the approach is to
divide the 4D unknown space (Tgas, Twan, [Water], and [soot]) to form localized sub-
domains, as indicated by
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I, = [ pre, Lss Toans [ water],[soot]) , 1=1,2,3.4 ¢))
where, § = {T,,, T, s,[water],[soot]} is the combustion state vector and [, /=
1,2,3,4 is the intensity vector.

Thereby escaping from the intervention areas, within each sub-domain, the solution(s)
are found, i.e., a “divide-and-conquer” approach. One of the methods explored for
such area/domain subdivision problems may be the famous “postal office problem.”
Briefly, it is to distribute sets of “postal offices” (sites) onto a planner area and then
divide the area into subdivision according to those sites such that traveling from a
point to the office in the same division cost less than traveling to any other post
offices in the area (e.g. Vornoi assignment model and Voronois diagram). Basically,
we consider all solutions of the FCM as “sites.”

Among difficulties is to determine subdivisions in close matches (such as Voroni
diagrams leading to information about “sites” i.e., solutions). After some
considerable amount of evaluation we found that our possible solutions are finite in
the order of dimension and therefore “sites” in the space are geometrically sparse and
leave a lot of space for subdivision manipulation.

When allowing approximately five-percent errors in individual spectral intensities
numerous groups of 4D solutions are identifies, by using a step of the pattern
recognition/classification method. Note the pattern classification has been widely
explored in the field of artificial intelligence (AI) in non-engineering fields, including
medical imaging, stock-market analysis, marketing, language modeling, electronic
commerce, and speech recognition. (More discussion in the presentation.)

However convenient the migration idea it might be, there is no ready-to-use training
database for our FCM. Rather we need a training database consisting of
“experienced” data with proven credibility. Note that in the past we processed data
from the NASA handbook and built a simulation model in analytical form, from
which we generated intensity sets from desired combustion states. However, there is
an alternative way to represent the model, i.e. to represent it by data instead of
analytic relations, we see the model as a mapping from a combustion state vector
space R*(S) to an intensity vector space R*(I;), consisting of data entries. That is,
NASA model (data): R*(S) = R*(I;). Again, relation shown here demonstrates
representation of NASA single-line-group (SLG) radiation model by data as specified
in relationship in Eq. (1), instead of analytical equations.

Transformation of the model into data form is to acquire an un-biased fraining
database. This includes discretizing the “continuous valued patterns” in combustion
states, indexing and organizing entries for fast access, etc. A training database
should be implemented to ensure completeness and compactness, i.€., the
classification results based on it is complete without false dismissals while keeping
the training set as compact as possible. A great deal of effort has been made to
investigate a substantial subset that satisfies both requirements.
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After all possible solutions arc obtained, they are discriminated against other factors
such as engine running conditions, a corresponding crank angle, air/fuel ratio, and
also expected species concentrations. Thereby abnormal results are discarded to find
the final solution. More details are explained in the presentation.

Optical DI-CI Engine. In addition to the existing single-cylinder Cummins 903
engine with optical access via the cylinder head, construction of a new optical
Cummins 903 V-2 engine has been completed during the reporting period. Unlike the
limited view of a single spray in the former engine, images of multiple spray images
can be obtained in the new engine having a hollow extended piston.

In order to achieve HPD CI processes, the engine will be mated with the most
advanced high-pressure electronically controlled injection system to be introduced in
the field. The core purposes of developing a new optical engine based on a real-
world engine is to achieve the same engine design details (that are known to deliver
the most desirable power output and emission characteristics) in this engine for in-
cylinder investigation. Details of engine construction and results will be shown in the
presentation.

New Rutgers Animation Program (RAP). The Rutgers Super Imaging System
(SIS) having four high-speed digital camera, a part of the five-camera system
explained earlier, has greatly been improved as follows. Unlike the conventional
high-speed imaging method of obtaining successive images from only a single cycle
at a time, the present SIS has been advanced to be capable of achieving the same in
four spectral bands from as many as 100 consecutive cycles. This was achieved by
incorporating the SIS with the most advanced digital handling units introduced in the
field supported by our new software packages. When even merely a set of results is
obtained by using this SIS, the amount of data to be reviewed is beyond the ability of
the existing RAP. An entirely new RAP (called RAP IT) has been developed in order
to meet need of handling such massive amounts of images, which will be explained in
the presentation.

New Electronic Circuit Package. Electronic control packages of the SIS for the
performance explained above have been all designed and fabricated in our laboratory,
which have experienced various limitations, including erratic function and failure of
electronic components. Often some malfunction of the system units last for a long
period time without knowing the source of problems.

In order to achieve more predictable data acquisition, and trouble-free operation, the
circuit boards have all been newly designed and fabricated by an outside specialty
company. In spite of its high cost and (also high hope), the delivery has greatly been
delayed to date when this report is being prepared.

When the finished boards are delivered, construction of the five-camera system

mentioned earlier will be greatly expedited. It is hoped to present some results by the
time of our meeting in Williamsburg.
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DEVELOPMENT OF A LINEAR ENGINE/ALTERNATOR

Grant/Contract Number: DAAD19-01-1-041
Principal Investigators: Parviz Famouri* and Nigel Clark**

West Virginia University
*Lane Department Of Computer Science and Electrical Engineering
** Department of Mechanical and Aerospace Engineering
Morgantown, WV 26506

Summary/Overview

Internal combustion engines convert the chemical energy of fuel into kinetic energy during combustion,
resulting in linear motion of the pistons. In conventional engine/alternator sets, the slider-crank mechanism converts
the linear reciprocating motion of the piston into rotating motion. A rotating generator converts this kinetic energy
into electrical energy. Motion conversion from linear to rotating is eliminated in linear engine/alternators by solidly
linking the moving parts of the alternator to the pistons, improving the overall efficiency of the system.' The result is
a simple engine/alternator set comprised of half as many components as a conventional engine/alternator, potentially
reducing manufacturing costs and engine maintenance.? This report outlines the progress of the research and
development of a 2™ generation two-stroke, diesel, dual piston, two-cylinder linear engine/alternator unit. A time-
based dimensionless numerical simulation program was used to test and predict the performance of the linear engine
for a variety of dimensions and operating conditions, with results indicating that compression is strongly affected by
the fuel/air ratio. An electromagnet linear alternator (EMLA) is being developed with the goal of providing enough
force to actuate the engine assembly until the compression ratio that will support spark-ignited fuel combustion is
reached. A prototype has been constructed and operated with limited success.

Technical Discussion

Linear Engine Time-Based Dimensionless Modeling

A numerical simulation program was developed using the principles of a previous four-stroke compression
ignition linear engine model, with changes made to make it possible to investigate the two-stroke compression
ignition linear engine in this study.® To generalize results, the program was altered to provide output dimensionless
parametric analysis. Dimensionless displacement, mass, and time were defined with respect to effective stroke
length, moving assembly mass, and exhaust port pressure immediately after port closure. The program inputs are
bore to effective stroke length, lambda, dimensionless injection position, dimensionless load constant for the
alternator, and premixed and diffusive combustion ratios. The outputs of the program are dimensionless frequency,
dimensionless indicated power, dimensionless friction force, dimensionless average velocity, dimensionless
instantaneous velocity, indicated efficiency, compression ratio, dimensionless indicated power/generator mass,
dimensionless energy/generator mass, dimensionless indicated power/cylinder volume, and dimensionless
energy/generator volume.

The study revealed that with lambda, or air to fuel ratio relative to stoichiometric air to fuel ratio, of 3, indicated
efficiency increased with increasing bore/effective stroke length ratio, as illustrated in Figure 1(a). Figure 1(b)
illustrates that the highest compression ratio occurred for a bore/effective stroke ratio of 2.2. Changing the
bore/effective stroke ratio above or below 2.2 resulted in a lower compression ratio. Highest dimensionless indicated
power per generator mass was for a bore/effective stroke ratio of 2. Results also indicated that injecting the fuel
when the piston approaches the cylinder head during the compression stroke, and burning the fuel with a premixed
combustion ratio of 20% with 80% high diffusive combustion would enhance the indicated efficiency, relative to
injecting the fuel while the piston far from cylinder head during compression stroke or burning the fuel with a
premixed combustion ratio of 40% with 60% high diffusive combustion combustion. The decrease in the indicated
efficiency when burning the fuel with a premixed combustion ratio more that 20% was due to the rapid increase in
the in-cylinder pressure and the increase in the heat loss associated to this increase.
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Figure 1: (a) Indicated Efficiency Versus Bore to Effective Stroke Length for Lambda = 3, and
Dimensionless Injection Position=0.081. (b) Compression Ratio Versus Bore to Effective Stroke
Length for Lambda =3, and Dimensionless Injection Position=0.081.

Linear Alternator Electromagnetic Modeling

An Electromagnet Linear Alternator (EMLA) has been modeled for inclusion on the linear engine. Compared to
permanent magnet linear alternators (PMLA), the EMLA has several advantages.4 The major advantage is that the
field flux of the machine is controllable, allowing active regulation of the output voltage. This design allows for easy
starting of the engine by controllable electro-magnetic force with the alternator operating as an actuator, and is
smaller and more efficient than PMLA. Disadvantages of the EMLA include the need for connection to the external
excitation source, and heating that can limit the current density of the field windings, resulting in strength of field.

To accomplish the design and optimization of the alternator, a finite element analysis package was employed to
determine the distribution of various design parameters, including the armature and field slot size, the number of
stator teeth, and the number of poles. Additional analysis was performed to determine other parameters, such as the
wire size, and the number of winding turns for a given wire gauge and current density. A parametric study was
performed to determine the effects of changes to each of the machine parameters on the operation of the system, the
flux distribution, and thrust force at different moving position along the stroke length. The alternator will work as an
actuator to crank the engine, providing enough force to create the necessary pressure and temperature condition to
start the engine. The 4-pole linear alternator was modeled for 5 KVA of output power at a frequency of 51 Hz, with
an efficiency of 90% and 13x10° N/m” of specific thrust. Figure 2(a) and (b) show axis-symmetric flux density and
flux lines at the zero position, indicating a field current density of 3.6 A/mm”. The airgap density is around 1.4

Tesla. Figure 2(c) shows the parametric simulation result of the flux linkages for each coil at each position for a full
stroke length.

x 107 Flux linkage Vs Translator position

Flux linkage (Web)

-5.575 3004

(a)

translator position (mm)

Figure 2. (a) Flux density and (b) flux lines at zero position. (c) Stator coil #1 -#5 flux linkage
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Prototype Design and Operatzon

Design and prototyping of a 2™ generatlon linear/engine is underway. The current stage of this research
employs an iron slug linear actuator, similar in size and welght to the EMLA discussed earlier, which is used to start
the dual-piston, two-stroke, compression-ignition linear engine, illustrated in Figure 3(a), in order to develop the
optimum starting parameters. After stable operation of the engine is achieved, the iron slug will be replaced by the
EMLA. To decrease development cost, the engine has been constructed from off-the-shelf components. For the
same reason, the design utilizes loop scavenging, performed by pressurized (80 psi) house air. Although there is no
side force on the diesel-lubricated piston, lubricant was added to the air via an air tool lubricator unit to prevent
excessive wear. The design is based on Kawasaki motorcycle components (cylinders and pistons), with a bore of 76
mm. The engine uses a Bosch common rail direct diesel injection system, with a pump and injectors from a 1.9L
Mercedes common rail diesel engine. The maximum stroke is 74 mm, restricted by the cylinder heads. The rest of
the engine has been manufactured in house. At this stage of development, two sets of coils are used as stators, with
the iron slug attached to the connecting rod to move the piston assembly. The starter solenoids are supplied by
automotive batteries via isolated gate bipolar transistors (IGBTs), with a cranking signal provided from a signal
generator. This method allows the engine to have a variable cranking frequency, which aids in finding the highest
compression ratio during cranking.

(b)

Cylinder Head

Figure 3: (a) Prototype engine design and (b) detailed view of the cylinder head.

Each cylinder head includes an injector, a piezoelectric pressure sensor, and two spark plugs (Figure 3(b)). The
ground electrode has been removed from each spark plug, resulting full isolation between plugs and cylinder heads.
A fuel furnace ignition coil has been used to provide continuous arc between the two plugs for each cylinder while
starting the engine. This starting aid is necessary because, even with the variable cranking frequency, the iron slug
actuator is unable to deliver a high enough compression ratio to start the engine. Using 60 V at a cranking frequency
of 23 Hz, a compression ratio of 4:1 was measured without the continuous arc, too low to start the engine. The
continuous arc improved this situation by igniting the injected fuel during engine start. In theory, after the first
ignition, the arc can be switched off because ignition in the continuous-arc cylinder creates a high enough
compression ratio in the other cylinder for the fuel to auto-ignite, allowing the engine to sustain operation. To date,
the iron slug actuator provides sufficient starting force, but combustion in both cylinders is sporadic, with the
majority of linear engine operational tests resulting in single cylinder combustion. However, an injector controller
has been designed that gives a reliable injector timing sequence, and improved operation is anticipated.

Injector Controller

The injector control system is comprised of a MICRO-EPSILON inductive potentiometric position sensor, a
Microchip 40 MHz microcontroller, and two signal shaping, high-pressure injection drivers. The main task of the
microcontroller is to operate the high-pressure injectors in correlation with shaft position. The microcontroller reads
the analog signal from the shaft-mounted position sensor and converts it to a digital value that can be used in
determining injection timing. The user can adjust the timing of the left and right injection by setting the triggering
variables on the microcontroller. When the position sensor output reaches the desired triggering value, the
microcontroller signals the injection shaping circuits to fire. Figure 4(a) illustrates injector timing response using
signal generator input to simulate pressure sensor output. Since the injector solenoids require a slightly higher
current at opening time, a simple signal-shaping circuit was applied to the output of the microcontroller to sink
enough current to overcome constrictive forces. Figure 4(b) shows actual injector solenoid operation during linear
engine operation using the potentiometric position sensor signal as the control input.
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Research is progressing toward the goal of a functioning linear engine/alternator system. Modeling of engine
combustion and alternator geometry is being refined, and design modification of the prototype engine to achieve
continuous ignited combustion operation is underway. After reliable operation is achieved, implementation and
testing of the alternator in place of the iron slug actuator will begin.
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SUMMARY/OVERVIEW:

Combustion using porous inert media offers several benefits for propulsion gas turbines such
as high power density, stable operation over a wider range, homogeneous temperature field,
lower combustion noise and reduced emissions of NOx and CO. In this study fuel atomization,
fuel/air mixing, and combustion processes using silicon carbide coated Carbon-Carbon
composite porous materials are investigated experimentally and computationally. Combustion
and pre-combustion processes are studied independently to isolate the underlying physics of fuel
preparation and exhaust emissions. Kerosene fuel is atomized using an air-assist injector placed
upstream of the porous combustor. Experimental facilities for both types of studies have been
developed and qualified. Preliminary spray characteristics and fuel/air mixing were obtained.
Evaporation histories of fuel vapor have been computed with and without the porous media.
Combustion experiments were conducted with flame stabilized either on the surface or inside the
porous media. Results demonstrate extension of lean-blow off limit with flame stabilized inside
the porous media leading to lower NOx and CO emissions.

TECHNICAL DISCUSSION

Porous media combustion operates on the concept of recirculating energy from products to
reactants or the “excess enthalpy flame” introduced by Hardesty and Weinberg [1976]. The
flame may be stabilized on the surface or inside the porous inert media as illustrated in Figure 1.
For interior combustion, an upstream fine pore region is used to prevent propagation of the flame
stabilized in the coarse pore region.
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Stabilization } Combustion
Zone
Preheat Flame
’ Stabilization
Preheat
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Fuel/Air Fuel/Air
Mixture Mixture

47




Figure 1. Schematic Representation of (a) Surface Combustion, (b) Interior Combustion

Howell et al. [1996], Viskanta [1995], and Trimis and Durst [1996] have reviewed the PIM
combustion research. Kotani and Takeno [1982] found that a porous burner increased the laminar
flame speed by more than an order of magnitude. Subsequently, various aspects of combustion
with PIM have been investigated experimentally and numerically. Recently, Pickenacker et al.
[1999] have developed several commercial concepts involving combustion inside PIM. Previous
research in PIM combustion has typically focused on combustion of gaseous fuels. Kaplan and
Hall [1995] have demonstrated that a stable, low-emission burner for liquid fuels is possible. In
their configuration, heptane was sprayed on the combustion section of a porous ceramic burner
using an oil spray nozzle. They reported stable combustion for heptane at equivalence ratios
ranging from 0.57-0.67. Further, they reported very low emissions of CO and NOx; CO varied
from 3 to 7 ppm and NOx varied from 15 to 20 ppm when corrected for 3% oxygen.

A crucial component of the PIM combustion is the porous material. Unlike porous ceramics
considered in previous studies, we are considering silicone-carbide coated carbon-carbon
composites. When manufactured properly, the C-C composites have the highest specific strength
of any known material and retain their strength at high temperatures. Figure 2 shows sample
materials with 32 and 4 pores per cm (ppcm).

Figure 2. Silcon-carbide coated C-C composite porous materials, (a) 33ppcm, (b) 4ppcm

We are investigating fuel atomization, fuel/air mixing and combustion processes using Kerosene
fuel. Figure 3 illustrates experimental configuration used for these studies. It consists of four
sections: the inlet section, the fuel vaporization/mixing section, the PIM section, and the exhaust
or emissions shield. The fuel is atomized using an air-assist injector located upstream of the PIM
section. The injector can be traversed to control the distance between the injection point and the
PIM inlet. Two test sections were built; one to study fuel atomization and fuel/air mixing
processes upstream of the PIM. This test section shown is Figure 4 contains transparent windows
for optical measurements using phase-Doppler particle analyzer. In this setup, the porous matrix
is heated electrically to simulate the thermal feedback from the combustion zone. A test section
similar to that in Figure 5, without the optical windows, was used for combustion experiments.

The fuel evaporation process with and without the porous media was simulated computationally
assuming point injection. Non-Darcy flow is considered in the porous media, assumed as a
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momentum sink. Effective thermal conductivity of the porous medium is calculated by taking the
volumetric average of fluid and solid media. Turbulence was modeled using the standard k-&
turbulence model. A control-volume based discretization method is adopted to solve the
governing equations. Computations were performed for air and fuel inlet temperatures of 473K
and 298K, respectively and porous media temperature varying between 473K and 583K. Radial
profiles of kerosene vapor concentrations were captured downstream of the injection point.
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15cm
Atomizing
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Alr Fuel Figure 4. Transparent Test
' Section for Fuel Atomization
Figure 3. Schematic Diagram of and Fuel/Air Mixing Studies
the Experimental Setup

Figure 5a shows vapor concentration profiles at various axial locations (measured from the
PIM inlet) when the porous media and air temperature are the same, i.e., 473K. In this case, little
fuel evaporation is observed. Moreover, the vapor concentration profiles with and without the
porous media were found to be nearly the same. Increasing the porous media temperature to
583K significantly improved fuel evaporation and mixing rates as shown in Figure 5b.
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Fig. 5. Vapor Concentration Profiles with Porous Media at (a) 473K (left), and (b) 583K (right).

Measured spray characteristics using water showed an increase in drop diameters in the
radial direction attributed to (i) evaporation of small droplets near the spray co-flow interface,
and (i1) swirling of co-flow. Combustion experiments were conducted to investigate the effects
of equivalence ratio, primary air temperature, and heat release rates on emissions of NOx and
CO for porous media operated in surface and interior combustion modes.

Figure 6 depicts the two types of combustion at equivalence ratio of 0.75, primary air
temperature of 510K, and heat release rate of 3.7kW. Surface combustion illustrated in Fig. 6a, is
characterized by a visible blue flat flame. The combustion noise was similar to the sound
produced by a Bunsen burner. Interior combustion depicted in Fig 6b produced a bright orange
glow and was essentially noiseless. Figure 7 depicts NOx and CO concentrations versus
equivalence ratio at different primary air temperatures for interior and surface combustion
modes. Interior combustion is shown to extend the lean flammability limit compared to that for
the surface combustion mode. Lower NOx and CO emissions were achieved with interior
combustion. Details results are provided in Marbach and Agrawal [2003] and Heatly et al [2003].
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Figure 6. Visual Images of a) Surface combustion, b) Interior combustion
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CONCURRENT RESEARCH ON HIGH GRAVITY (g) COMBUSTION WITH
ENABLING MATERIALS

(LRIR: 99PR12ENT)

Principal Investigator(s): Dr. Joseph Zelina

Air Force Research Laboratory
AFRL/PRTS
WPAFB, OH 45433

SUMMARY/OVERVIEW:

A gas turbine combustor concept that uses high g-loading in the circumferential cavity is
being tested at AFRL to provide a low-emissions, ultra-compact, high performance combustion
system for future military and commercial aircraft. This work comprises experimental testing,
modeling and simulation, and cycle analysis of different combustor concepts whereby the UCC
can be used as a main combustor or an inter-turbine burner. The testing includes acrodynamic
and high-temperature materials performance. Initial tests indicate that, by using highly swirling
flows, the combustor performance can be enhanced in the form of improved combustor
efficiencies at reduced combustor length. Understanding the impact of high g-loading on the
pollutant emissions, operability limits, and combustor durability are three major areas where the
AFOSR program will progress the scientific understanding of the processes in this novel
combustion system.

TECHNICAL DISCUSSION

A gas turbine engine has been proposed that uses a near constant temperature (NCT) cycle and
an Inter-Turbine Burner (ITB) to provide large amounts of power extraction from the low-
pressure turbine. This level of energy is achieved with a modest temperature rise across the ITB.
The additional energy can be used to power a large fan for a high bypass ratio transport aircraft
or to drive a generator for electrical power extraction. Conventional gas turbine engines cannot
meet such power extraction demands without a loss of engine thrust. A second power source to
provide energy for such applications would be necessary, adding considerable cost and weight to
the system. This current work focuses on Ultra-Compact Combustor (UCC) technology to serve
as an ITB or main combustor in the NCT engine. Reducing the size of the main combustor and
ITB is essential to reducing or maintaining overall engine weight and size.

We have begun experiments on a UCC which will combine the combustor with the
compressor exit guide vanes and the turbine inlet guide vanes. To illustrate this revolutionary
design, a conventional combustor is shown in Fig. la. Air enters the combustion chamber
through dome swirlers and liner holes that provide mixing air and cooling air to the system. In
conventional design, the residence time in the combustor is mainly a function of axial length of
the system; therefore, engine length is needed to complete the combustion process. The mixture
is burned, and then exits the combustor through turbine inlet guide vanes, which direct the flow
at the correct angle at the high pressure turbine rotor.

In the UCC design, a trench, or cavity, runs around the outer circumference of the vanes as
seen in Fig. 1b. Aligned with this cavity, within each vane, will be a radial cavity. The idea is to
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burn rich in the circumferential cavity, allowing much of the required combustion residence time
to take place in the circumferential direction of the engine, rather than the axial as is done
conventionally. The flow within this cavity will be swirled to generate high “g” loading and
reduce the chemical residence time. Flame stabilization occurs as combustion products are
recirculated in the cavity. The intermediate products of combustion will be transported into one
or more radial cavities in the vane where combustion will continue at reduced equivalence ratio.
Finally, across the leading edge of the vanes, again in a circumferential orientation, there will be
a flame holder (if necessary) where products will be entrained and distributed into the main flow.

ST
il

Circumferential
Cavity

Circumferential Strut

(b)
Figure 1: (a) Conventional Gas Turbine Combustor Design Showing Dome, (b) Ultra-

Compact Combustor Design showing Integral Circumferential Cavity and Turbine Vanes.

A series of nine combustor configurations were tested in AFRL’s atmospheric pressure
combustion facility, using different fuel injection schemes, as seen in Table 1. These tests were
run at combustor pressure drop ranging from 1.5% < dP/P < 5%, 0.015 < overall fuel air ratio
(OFAR) <0.035 (0.9 < ¢cav < 2.2) and inlet temperature T3 = 500 F. JP-8 + 100 fuel was used.
Cavity airflow remained nearly constant, at 24-32% of the total airflow to the system. The
variation was due largely to the different effective areas of the individual fuel injectors. The
cavity airflow includes air entering around the fuel injector as well as cavity air jets.

Table 1: Test Matrix for UCC/ITB.

Conf | Inj Swirl | Inj Conf. | Inj Swirl Inj. Angle | Conf | Inj Swirl/ Inj.
Angle /Direction Direction Angle
A o° 0° D 45° CW 0° G 45° CCW 0°
B 0° 20° E 45°CwW 20° H 45° CCW 20°
C 0° 37° F 45°CW 37° I 45°CCW 37°

CW = clockwise, CCW = counter-clockwise
Combustion Stability and Lean Blowout

Combustor lean blowout (LBO) was investigated for the nine configurations. The LBO was
plotted against the combustor loading parameter (LP) which is defined as:

=" Eq (1) where, &=—173 Eq. (2)
T, q
SISy o540 14.696
30 C

where Wa is the inlet air flowrate, Vc, is the combustor volume, Tj is the inlet temperature, and
Py is the inlet pressure. These tests were run at 500 °F inlet air temperature. As shown in Fig.
2a, the OFAR ~0.007 to 0.012 as the combustor LP increases from 0.5 to 2.5. Some tests were
run to investigate rich blowout (RBO) in the combustor, which would identify the upper end of
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the RQL-type approach to this UCC system design. In most configurations, the RBO was never
achieved. The cavity is very stable for 0.6 < oy < 2.5.

The LBO limits were measured experimentally for all of the test configurations, and this data
is shown in Fig. 2b. Considerable differences are noticed between the combustor designs. In
general, Configuration F showed the lowest LBO limit, and Configuration A showed the highest
LBO value. Interestingly, for Configuration E, H and I, the LBO limit seems to be constant or
slightly decrease with combustor loading. Repeat data points were taken to verify the initial
results and were found to agree with the first data sets.
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Figure 2: (a) Stability Loop for the UCC cavity-only operation, and (b) Lean Blowout
(LBO) performance for different combustor designs.

It is believed that the combustor operates in two modes. The first mode is fuel injection-
stabilized, where the flame is anchored on individual fuel injectors. The second mode is bulk
swirl-stabilized, where the cavity velocity and the turbulent burning velocity are balanced to
allow for re-ignition of products from adjacent fuel site locations. Further testing with high-speed
photography, OH imaging, and fuel-air ratio sensors are planned to validate this process. In
general, however, the LBO data is consistent with conventional design, however, needs to still be
improved in future design iterations.

Combustion Efficiency

Combustion efficiency was plotted as a function of g-loading in the cavity. Although a
somewhat difficult to define, estimates of g-loading were calculated using continuity, where:
= 1 Eq.3
« Pew e ta0 B
The density term was calculated based on the bulk temperature in the cavity (calculated from
dcav). The cavity exit area, A, was 19.15in>. Angle p was determined from modeling and
simulation predictions using the FLUENT code, and found to be 23 < <28 degrees. Once Vi

is known, the g-loading can be calculated using the equation:
Vin
gC rCaV
where 1.,y is the average cavity radius. Estimated g-loading ranged from 500 to 3300 g’s.

Eq. 4

g::

- With 0-degree injection angle and C-series injectors, the efficiency increased to 2300 g’s,
then decreased with increasing loading, as shown in Fig. 3a. Adding swirl to the injector, as well
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as angling the injector at 37 degrecs, as in Fig. 3b, efficiency remained constant with increased
g-loading for ¢ay.
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Figure 3: Combustion Efficiency as a function of g-loading for (a) 0° Injection Angle and
(b) 37° Injection Angle Using Fuel Injectors Without Injection Swirl.

The data suggests that, by keeping the fuel/air mixture in the cavity via fuel injection swirl,
the g-loading eventually takes over and increases the burning rate. The increased buming rate
results in higher efficiencies. The enhanced burning rate is due to the stratification effect that
high g-loading causes in the cavity. Similar to a centrifuge, the higher density mixture
propagates to the outer diameter, where it can remain in the cavity, evaporate, mix, and burn.
The lower density, high temperature gases migrate toward the cavity centerline where they enter
the main airflow. When the fuel injection angle is more radial without injection swirl to help
compact the mixture via local recirculation, some of the unburned mixture enters the main flow
and is rapidly quenched. In addition to injection angle, the injector swirl direction is important.
When the swirl is in a direction to enhance main airflow, the combustor efficiency is improved
and shows an increase with increasing g-loading.

Summary

A parametric experimental investigation of a high g-loaded combustion system has been
successfully conducted in an atmospheric pressure rig. Key features of the combustion system
include:

1. Short flame lengths (50%) compared to conventional combustor designs.

2. Acceptable LBO performance with Config. F (45° CW swirl.37° injection angle). LBO
performance was greatly impacted by the combustor design.

3. Excellent combustion efficiency which is a strong function of injector type and injection
angle. Data suggests 2 modes of operation, where the flame is injector-stabilized at low
loadings, and becomes bulk-flow stabilized at high loadings.

4. Increased g-loading resulted in improved combustion efficiencies.

5. Despite the fact that efficiencies increase, NOx emissions decrease for several design
configurations, indicating emissions technology improvements rather than NOx-CO trades (not
shown in current abstract).

Additional experiments are underway to investigate the impact of turbine vanes in the cavity
flowpath. These tests will be conducted at atmospheric and hi gh pressure conditions.
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PULSE DETONATION PHYSIOCHEMICAL AND
EXHAUST RELAXATION PROCESSES

LRIR 01PR0O2COR

Principal Investigator: Dr. Fred Schauer (AFRL/PRTS)

AFRL/PRTS
1790 Loop Road North, Building 490
Wright-Patterson AFB OH 45433-7103

SUMMARY/OVERVIEW:

The objective of this program is to establish the scientific knowledge of detonation
initiation, propagation, and blow-down needed to develop a pulse detonation engine (PDE) that
will function on hydrocarbon fuels. The complex interaction of chemistry, gas dynamics,
turbulent mixing, and geometry are responsible for the success or failure of the detonation
phenomena required to operate a PDE. Detonation tube exhaust blow-down conditions, which

-are predicted to have a significant impact upon performance, will be explored in order to achieve
basic understanding of the relationships between detonations, nozzles, and multiple detonation
tube interactions.

TECHNICAL DISCUSSION

The technological motivation for this program is the need to develop low-cost high-
performance PDE’s that can operate on hydrocarbon fuels. PDE’s rely upon detonation
combustion to produce a pressure rise in the combustion chamber instead of the expensive
rotating machinery used in gas turbine engines. Consequently, the most expensive and
maintenance-intensive components of a conventional turbine engine, namely the compressor and
turbine stages, will not be necessary in PDE’s. PDE’s operates on a near-constant-volume heat
addition cycle as opposed to the constant-pressure cycle employed in nearly all conventional
aero-propulsion systems. The constant volume cycle offers improvements to specific thrust,
specific fuel consumption, and specific impulse at a greatly reduced cost. In theory, the PDE can
efficiently operate at Mach numbers from zero to above four without using a combined
cycle/rocket approach. However, there are some major technical problems that must be resolved
before the full potential of PDE’s can be realized.

Foremost among the hurdles for a practical PDE system are the requirements for initiation
and successful propagation of a detonation with hydrocarbon fuels in air. Although this has not
been achieved in 60 years of PDE research, modern computational fluid mechanics (CFD), laser
diagnostics, and high-speed instrumentation have not been applied to this challenge until
recently. CFD and experimental studies of deflagration-to-detonation transition (DDT) and
propagation are being carried out in order to explore the parameters controlling detonation
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initiation including: geometry effects,
plasma ignition, hybrid fueled pre-
detonators, and endothermic fuels. In
addition to existing high-frequency
instrumentation, an optically accessible
test section will be coupled with our
high-framing rate cameras to observe
the deflagration to detonation transition
processes and compare with models.
The imaging and laser diagnostics
experience obtained from our AFOSR
Combustion Research program will
also be used to study the detonator tube
blow down. High-frequency Schlieren,
PLIF, and/or planar Raman imaging
will be used to investigate the exit
boundary conditions influence on
thrust. Two-dimensional nozzles are
used in these investigations, and an
optical test section will be employed to
study both the nozzle flow conditions
and multi-tube interactions. = CFD
calculations are used to gain an

1958 misec

1905 misec
Figure 1. Experimental setup (left) and
schematic (above) of split detonation
initiation configuration. A conventional
detonation is initiated in the first tube
(via spark and deflagration to detonation
transition in a spiral). The detonation is
g then split into the U shaped crossover
# tube and is propagated into the second
} tube which had no other ignition scheme.
Wavespeeds (in m/sec) are shown in the
schematic above and indicate successful
propagation of the detonation beyond the
split in the primary tube with successful
detonation occurring in both the
crossover tube and the second detonator

: y tube.

understanding of the mechanisms whereby the thrust is influenced by the conditions established
when the detonation wave reaches the exit plane.

Previously, techniques for developing hydrocarbon/air deflagration to detonation transition
(DDT) were demonstrated without the use of excess oxygen. This work has continued and
scaling mechanisms have become better understood to enable DDT in a wide range of detonator
tube sizes. However, one of the limitations of DDT techniques with practical fuels is the long

chemical induction time required
for the preliminary deflagration
ignition. Using CFD and
experiments, studies of branching
detonations  were  conducted,
enabling a detonation to be split
from the main detonator tube
without quenching. As shown in
Figure 1, the split off detonation
could then be propagated through
a crossover tube to a second
detonator tube. Previously, we
demonstrated an 85% reduction in
DDT time by employing this
technique. Through  better
understanding of the interaction of
ignition and confinement, the
technique was able to achieve
direct or near direct detonation
initiation of the second detonator
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Figure 2. Head pressure versus time for spark ignition (with
deflagration to detonation transition) versus split detonation
ignition (near direct initiation). The split detonation ignition trace
is offset 200 psi for clarity.
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tube. As shown in the comparison of spark ignition with DDT versus split detonation ignition in
Figure 2, a dramatic shortening of the initiation time is accomplished along with greatly
increased thrust pressures. Split detonation ignition is much more robust and also simpler
without the need for individual igniters for each detonator tube.

In our last annual report, we described the sensitivity of DDT to proper mixture and
demonstrated an in-situ measurement of equivilance ratio based upon OH emission. However,
the technique was limited to measurement only in the detonation front, lacking resolution in time
and space. Utilizing the broad 3.39 micron hydrocarbon absorption feature, a diagnostic
technique was developed which enabled in-situ measurement of vapor-phase fuel equivilance
ratio in both detonating and cold-flow experiments. This allowed the charge mixing and
stratification to be assessed as shown in Figure 3. When compared to the actual equivilance ratio
which was regulated by choked nozzles, the results demonstrated that the technique can produce
quantitative data even in the unsteady and harsh PDE environment. In fact, the results shown
above were obtained using published absorption coefficients for propane with no ‘fitting’
required. Other hydrocarbon fuels (without validated absorption coefficients) required a simple
calibration procedure in a fuel

cell. This technique proved so 07— 7]
robust, it is currently being used - § § g : 1
to quantify and calibrate fuel T ) S A O SO I .

injector performance in a PDE
demonstration at Mach 3 flight
conditions.

The influence of nozzles
upon PDE performance has been
found to be highly sensitive to
initial  detonation conditions,
which are strongly influenced by
the unsteady nozzle behavior.
Figure 4 clearly shows the
unsteady nature of the PDE flow
in the cold flow -condition. 0 0.2 0.4 0.6 0.8 1

Significant compression and Normalized Cycle Time

expansion waves are created by Figure 4. Head pressure (not zeroed) versus normalized cycle time
for cold flow (humps correspond to purge and fill cycles so

denoted), 0.5 msec ignition delay, and 7.0 msec ignition delay.
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with the exit nozzle. Thesc phenomena in turn produce much different behavior in the
detonation event depending upon whether ignition occurs in an expansion (0.5 msec ignition
delay) or compression wave (7 msec ignition delay). It was found that the unsteady gas
dynamics are highly sensitive to nozzle configuration.

36” detonation tubes
18.75” 24.625”

B CIENC)
: | ®
% 1 @@ CINC)

25.75” 34.125”

|ge . Picture (left) and schematic (right) of multi-tube common nozzle. Pressure transducer locations
are demarked by circled numbers along with distance from head.

One approach to solving unsteady nozzle performance is to couple multiple detonator tubes
with a common nozzle in an effort

to obtain quasi-steady flow 0-8:vr-r;~~;~r-wrrnlwxw'r'j
downstream of the nozzle. This 0.7F S —— (1) Tube 1 Head |_j
unvalidated approach remains - £ : — ) ;
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obtained with only one ignition Figure 6. Pressure versus time for common nozzle with single
event (upper plot of Figure 6) to (above) and dual tube (below) ignition.
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required to efficiently obtain
thrust from these unsteady events.
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MEASUREMENT OF ELECTROSPRAY DROPLET’S CHARGE AND RADIUS

DISTRIBTUIONS WITH QUADRUPOLE MASS SPECTROMETER
(Oral Presentation: Establishment of an Electrostatic Atomization Theory and
Experiment Program at Prairie View A&M University)

Principal Investigator: Tian-Sen Huang

Prairie View A&M University

SUMMARY
In the first year of the project, we rebuilt the quadrupole mass spectrometer apparatus,

and conducted, with student participation, a series of the experiments to analyze the
charge and radius distributions of electrospray droplet. The experiments concentrated on
the liquids of octoil and wood’s metal. The experiments have been continuously
improved, and compared with the experiment conducted previously by other labs. Now,

a new type of experiments are planned.

TECHNICAL DISCUSSION

To start this project, we first rebuilt the high charge quadrupole mass
spectrometer/electrometer spray apparatus transferred from Princeton Plasma Physics
Lab. Since the quadrupole mass spectrometer apparatus was built in 1980’s and operated
by different teams in the past, it has been damaged very seriously and has no manuals
with it. To make it working, a group consisting of faculty, staff and students
disassembled, repaired, and assembled the whole apparatus, including the mechanical
pump and diffusion pump, the electrospray system, the filter operation system, and the
charge detector system. Through the rebuilding of apparatus, our group has been family
with the structure of the apparatus and its operation.

The experiments of charging droplet analysis ware made first for the liquid octoil
because there were more experiments of octoil that have been done. We completed about
thirty experiments of charging octoil droplet analysis for different charge/mass ratios and
different resolutions. (Each experiment takes about one day.)

61




In the beginning of the octoil experiments, a special material tetrabutyl ammonium
picrate is needed to prepare as an additive to increase the conductivity of testing liquid.
Because the additive is an uncommon chemistry material and explosive in its solid state,
we compounded it ourselves with terabutylammonium hydroxide and picrate acid that
were purchased from chemistry material company. Then the octoil is doped with the
additive to achieve the conductivity required for electrospray.

In measuring the charge and mass distributions, the mass quadrupole filter works in
the basic (lowest) stability region that is commonly used for electrospray experiments. In
the experiments, the bias voltage, the oscillating voltage, and the oscillating frequency
that fed into the two pairs of poles of the spectrometer were adjusted for measuring the
charge distribution of the droplets for the certain value of the ratio of charge to mass. The
multichannel analyzer gives charge distribution in 254 or 510 equally divided channels.
The mass (or radius) distribution of the droplets can be derived from the charge
distribution, and the voltage/charge conversion factor.

In the measurements, the resolution of charge/mass ratio filter is critical. The
practical value of resolution in our experiments seems low although its value from the
theory is high. As we improved our experimental skills, the resolution was getting
higher. In addition, the value of conversion factor of the droplet charge to the measured
voltage is very important parameter. A direct measurement of the ratio of the charge to
the voltage imposed on the detector has been done. In order to conform the value, an
experiment with radioactive ion source will be conducted.

Our experiments for octoil have been compared with the previous work [Okuda and
Kelly, 1996]. We observed two peaks in the charge (radius) distribution that is consistent
with Okuda and Kelly’s results. Experiments for wood’s metal are undertaking.

Now, we are planning to conduct experiments regarding diesel fuel electrospray, and
experiments conceming electrospray's application for nano-tech. The electrospray
experiments with large flow will be conducted. For this purpose, a new experiment
apparatus, the phase Doppler anmometry (PDA) system, is required. (The Yale
University’s electrospray group has used this device successfully for charged droplet
experiments.) In addition, we need a two-channel data acquisition board and a 100 MHz
mixed signal oscilloscope, which are used to enhance the capability of PDA system for
more experiments.
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BALLISTIC IMAGING IN THE PRIMARY BREAKUP REGION OF DIESEL INJECTOR
SPRAYS

Contract Number DAAD19-02-1-0221
Mark Linne and Terrence Parker

Division of Engineering
Colorado School of Mines
Golden, CO 80401

SUMMARY/OVERVIEW:

The Colorado School of Mines is developing a technique for imaging the near-field, liquid
core in the primary breakup region of a diesel spray, under operating temperatures and
pressures typical of a diesel engine. This technique, called “ballistic imaging”, has been used
primarily in the medical community for imaging through tissue. To-date, the existence and
behavior of a liquid core for diesel sprays have been a subject of debate. Our goal is to
contribute to the understanding of the liquid spray core and its primary breakup by adapting
ballistic imaging to this important flowfield.

TECHNICAL DISCUSSION

When light (either continuous or pulsed) passes through a highly turbid medium, some of
the photons actually pass straight through without scattering, exiting the medium within
roughly the same solid angle that they entered
(see Figure 1a). These relatively few photons - -
are termed “ballistic”. Because they travel the s 2o g s
shortest path, they also exit first (see Figure
1b). A somewhat larger group of photons is
called “snake-like”, because they are
scatt.ered _Just once or t-WIC?. They eXl.t the Figure la. Geometric schematic of ballistic
medium in the same direction as the input jmgging.
light but with a somewhat larger solid angle
than the ballistic photons. Because they travel ballistic

/ photons
i diffuse ! -
photons

snake-like t
photons

a bit further, they exit just after the ballistic

photons. Light exiting the medium that has A
scattered multiply has a larger photon number
density, but it also is scattered into a very puise
large solid angle and it exits last.

Due to their undisturbed path, ballistic
photons retain an undistorted image of
structures that may be embedded within the
turbid material. If used in a shadowgram arrangement, the ballistic photons can provide
diffraction limited imaging performance of these structures. In most highly scattering and/or

Figure 1b. Time-domain schematic of ballistic
imaging with a short pulse.
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absorbing environments, the number of transmitted ballistic photons is often insufficient to
provide the necessary signal to noise ratios (SNR) to form an image. In such a case, the snake-
like photons retain slightly distorted information and can be used in imaging, together with
the ballistic photons, with little degradation of resolution. In contrast, diffuse photons retain
no memory of the structure within the material. If allowed to participate in the formation of
an image, the various paths these multiply scattered photons take through the material will
cause any image point they form to appear as if it came from an entirely different part of the
object, and this will seriously degrade resolution. Unfortunately, diffuse photons are the most
numerous when light is transmitted through highly scattering media. The problem of
obtaining a high-resolution image through highly scattering materials is thus a matter of
separating and eliminating the diffuse light from the ballistic and snake-like light. This can be
done using discrimination methods that make use of the properties that are retained by the
ballistic and snake-like light but are lost in multiple scattering events. As already alluded, the
direction taken by transmitted light, together with exit time, can help to segregate diffuse
photons from the imaging photons. Furthermore, ballistic photons are coherent with the input
light and they retain the input polarization.

Based upon a careful evaluation of ballistic imaging techniques described in the literature,
we settled upon the time-gated system shown in Figure 2 (based primarily on work by the
group of Alfano in New York'). Because diesel sprays are transient, it was necessary to find a
technique that could acquire rapid transients (fast, still images of single events in this case)
and this approach offers that possibility. A 1-kHz repetition rate Spectra-Physics Spitfire
Ti:Sapphire regenerative amplifier, seeded with a Spectra-Physics Tsunami Ti:Sapphire
mode-locked laser, generates 80 fs, 1mJ pulses centered at ~ 800 nm. The linearly polarized
beam is split into OKE gating and imaging beams; 30% of the optical power is used as the
imaging beam while the remaining power is used to create the OKE time gate.

switching beam

~

to laser
pulsewidth
wavelength &

/ CCD
N

bandwidth — () : : display
monitoring time : crossed polarizers screen
equipment delay : .

o : .

a

E

© OKE gate

mode-locked fs laser

Figure 2. Layout of OKE-switched ballistic imaging system at CSM.

! Wang, Ho, Liu and Alfano, "Ballistic 2-D Imaging Through Scattering Walls Using an Ultrafast Optical Kerr Gate", Science, 253:769,
(1991), Wang, Liu, and Alfano,"Ballistic Imaging of Biomedical Samples Using a Picosecond Optical Kerr Gate”, Proceedings of the
SPIE, 143:97, (1991), Yoo, Das, Liu, Xing and Alfano, "Femtosecond Time-gated Imaging of Translucent Objects Hidden in Highly
Scattering Media", Springer Series in Chemical Physics: Ultrafast Phenomena VIII, 55:124, (1993).
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The polarization state of the imaging beam is first cleaned up with a polarizer, because the
OKE gate relies upon polarization switching. The imaging beam is then time delayed using an
adjustable length delay arm, to control the delay between the arrival of the switching and
imaging pulses at the OKE gate. The imaging beam then passes through an optics train
consisting of a telescope (with spatial filter) that controls the imaging beam size at the object,
a system to relay the bean through the OKE switch, and a combined spatial filter/telescope for
imaging onto a display screen. Our first implementation of this system had serious problems
with image distortion. The normal laboratory approach of simply inserting available optics
into the beam path does not work. A second system, therefore, has been carefully designed
using OSLO®, a commercial ray-trace code. By careful choice of optics, we have ensured
that the optical train itself is diffraction limited. There are no spurious aberrations or
distortions introduced by the imaging optics themselves in this system.

As mentioned above, one signature of ballistic and snake-like photons is their directionality.
Diffuse photons, on the other hand, are multiply scattered; locating their energy in a full 4 sr.
One passive approach to ballistic imaging takes advantage of this fact by using a fairly hard
spatial filter in the imaging beam. At first this seems like a simple and easy solution, but
spatial filters also remove high spatial frequency components (small features, including sharp
edges) of the image itself. This is because the pinhole of the spatial filter must be placed at a
lens focus. That focal plane is the Fourier plane, where high frequency components of the
image can be found off axis. The pinhole blocks them, together with the diffuse photons, and
the image is thus seriously blurred. Any optical train is a spatial filter of sorts, however, and if
careful design is applied one can eliminate a good deal of the diffuse photons while
preserving image fidelity. Even a spatial filter can be used if it has been shown not to degrade
imaging performance itself. The system shown in Figure 2 thus has an inherent passive
ballistic imaging system built into it, while maintaining good image fidelity.

Because the image is transferred in a laser beam, there can be a problem identifying an
object plane for the camera. An alternative, but equivalent, explanation is that the phase fronts
of the imaging beam are somewhat mixed and this makes it difficult to construct a high-
fidelity image at the camera imaging plane, since the beam is coherent. For this reason, most
experimentalists use a display screen as shown in Figure 2. The camera then focuses on the
screen, and the screen defines the object plane for the camera. '

The OKE gate works in the following manner. When there is no switching pulse present, no
image is transferred to the display screen. This is because the OKE gate uses crossed calcite
polarizers. The first polarizer in the OKE gate (second polarizer used in the imaging beam) is
oriented to pass the polarization orientation of the imaging beam. The second OKE polarizer
is oriented normal to the first, blocking an unperturbed imaging beam. The measured
extinction ratio of the polarizers is >10°; without a switching pulse present there is <10’
transmission of the imaging beam through the second polarizer. After the first polarizer, the
imaging beam is focused into the Kerr active liquid (CS; in this case) with an F/#5 achromat,
and then up-collimated with a second F/#10 achromat. At the arrival of a switching pulse, the
intense electric field of the pulse causes the CS; dipoles in a to align along the polarization
vector of the switching beam, creating temporary birefringence in the liquid. This
birefringence rotates the polarization of the imaging beam (about 7/3 radians for switching
with the fundamental of Ti:sapphire), allowing most of the imaging beam (~ 70 - 75%) to pass
through the second polarizer. The imaging beam time delay is adjusted while switching for
maximum signal transmission through the OKE gate. This OKE induced birefringence is
limited in time by either the duration of the laser pulse or the molecular response time of the
Kerr medium, whichever is longer. In our case, the incident laser pulse is of much shorter
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duration than the molecular relaxation time of ~ 2 ps for CS;; our gate time of 2 ps has been
confirmed by direct measurement.

Typically, when an OKE shutter is used in imaging applications the first harmonic of the
laser forms the imaging beam while the second harmonic is used for switching. This makes it
possible to reject switching light with a low-pass optical filter. The Spitfire output pulse is
centered at ~ 800 nm. Consequently, the second harmonic wavelength is ~ 400 nm. This
wavelength falls just within the absorption band of CS,. It can be used, but the CS; degrades
over time (approximately one half hour). Due to the difficulties associated with this problem,
we have evaluated two separate cases. In the first case, the OKE gate is switched with the
first harmonic of the laser system, while in the second case, the OKE gate is switched with the
second harmonic.

During the phase of work where we have developed and tested techniques, the “object” in
Figure 2 has been a high-resolution test chart consisting of lines of varying spatial frequencies
(in "line pairs per mm", or Ip/mm) placed inside a 10 mm pathlength cell. This cell contains a
controllable scattering medium: a solution of distilled water containing various concentrations
of 0.7 pm diameter polystyrene (PS) spheres. In order to compare techniques, the modulation
transfer function (MTF) was measured for imaging transmission through the resolution test
chart immersed within various concentrations of polystyrene spheres that emulate the
environment of a diesel spray. The outcome was that several systems that use a red switch
provide optimum single-image results, and the choice of which among these is best will
depend upon exactly which spray is interrogated.

In the next phase, we have set up a steady water jet experiment that will allow us to prove
the technique without concem :
for triggering. The system we  regulator

=l ) A valve release valve
are using is depicted in Figure 9Q__®__®
3. It uses a piston- piston spray
accumulator system to provide

high pressure (2,000 psi) over
about 1 minute of spray time. water P gage
The jet under stuc.ly is a stoc?c supply accumulator
spray nozzle modified to omit & drain
internal  components  that
destroy the solid core. Thus,
this jet approaches the
simplicity of the diesel nozzle, which is typically a short length (typical Vd of 2 to 6) hole,
submillimeter in diameter (100 to 300 pm), with atomization totally dependent on the
conversion of pressure to velocity in the orifice. Jet diameters for nozzles that we have
procured range from 0.018 to 0.031 inches (0.5 to 0.8 mm). The jet under study is interesting
in its own right, however, and the results can stand alone as a publication. The pressure
control available in this system provides access to a range of Reynolds and Weber numbers
along with the associated range of expected liquid core lengths. The system should put us into
the atomization regime for a single-hole atomizer spray. A ballistic imaging system for this
setup has been aligned and we are in the early stages of image acquisition.

In the next year, we plan to acquire images of the quasi-steady spray under various
conditions of interest to the spray community while at the same time optimizing ballistic
imaging for sprays. Following that, we will design a system for use in the CSM diesel
simulator and set it up.

N, bottle

Figure 3. Schematic of quasi-steady spray facility.
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SUMMARY/OVERVIEW:

There is considerable uncertainty about the structure of the dense core region of
diesel sprays, and conventional atomization models that are based on linear stability
theory contain numerous assumptions that are difficult to verify. A quasi-two-
dimensional non-linear jet breakup model is proposed that eliminates many of these
assumptions. The primary breakup is modeled by tracking the wave growth on the
liquid-gas interface. The continuity and momentum equations are reduced to one-
dimensional forms to calculate the growth of waves on the jet surface, and the gas
pressure is obtained by solving for the two-dimensional potential flow using the source
panel method. A Fast Fourier Transform (FFT) is used to capture the surface wave
structure, and the drop size distribution is calculated from the Fourier coefficients. The
model has been validated by comparing with experimental data for both low-speed and
high-speed jets. Comparison of diesel combustion and emissions predictions using the
new and standard breakup models shows that the primary breakup process has significant
influence on predicted soot emissions.

TECHNICAL DISCUSSION

Spray atomization is an important process in many practical applications
including diesel engines. The local vapor distribution that is determined by the
atomization and evaporation processes directly influences combustion and pollutant
formation. Jet primary breakup is particularly important because it initiates the
atomization process and provides the initial conditions for the subsequent spray breakup
[1]. However, since the primary breakup usually occurs in the dense spray region, its
mechanism is not yet fully understood because of the difficulty of experimental
observation.

The present modeling approach combines Lagrangian and Eulerian methods to
describe the breakup process. In the method, the continuous jet is discretized into series
of liquid ‘blobs’. A Lagrangian method is used to track the movement of the blobs, and
the breakup of each blob is calculated by a one-dimensional Eulerian method.

! Financial support of ARO contract number DAAD19-00-1-0487, Caterpillar, and DOE Sandia
Laboratories is gratefully acknowledged.
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The one-dimensional model consists of the continuity and momentum equations
for the liquid phase [2,3]
R oR' M
+ =0
o ox

oR'u oRW R (ap, op, ) 8 ( . 6u) )
t—— = — 4+ [+ 2v—| R —
ot Ox p \0x Ox ox ox

where 1 is time, x is the axial coordinate with its positive direction pointing in the jet’s
flow direction, R = R(1,x) is the radius of the liquid jet as a function of time and axial

position, and u = u(#,x) is the flow velocity within the liquid jet. The liquid pressure is
assumed to be uniform at any axial location and is given by [4]
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The effect of the gas phase on the jet surface wave growth is reflected in the gas pressure
term, which is obtained by solving for the potential flow over the jet surface using a
source panel method [5]. In order to get the required initial conditions, the cavitating
flow inside the nozzle was simulated using a nozzle flow model [6]. This model provides
velocity, jet diameter and turbulence parameters at the nozzle exit. The time scale of the
cavitation-induced disturbances was calculated from the bubble dynamics [7], and was
used to specify a reference wavelength of the initial disturbances.

The amplitude of the initial disturbance is assumed to be 7, =r_, — r,. where

7. @nd T, are the radii of the nozzle and the jet, respectively. The initial disturbance

is then represented by a Gaussian distribution of surface waves where the standard
deviation is found from the turbulence fluctuating velocity provided by the nozzle flow
model. A symmetric initial condition and periodic boundary conditions are applied to
both ends of the blob [2,3]. A fourth-order Runge-Kutta method is used to solve the
equations, and the jet surface structure and wavelengths are monitored by Fourier
analyzing the waves with a FFT.

Since multidimensional effects cannot be neglected for high-speed jets, the two-
dimensional surface is modeled by reflecting the Fourier series in the peripheral direction
on the jet surface (isotropic wave assumption). The drop size distribution was derived
from the Fourier series by assuming that drop diameters are proportional to the
wavelengths in the Fourier series, and that the mass associated with each drop size is
proportional to the magnitude of its corresponding Fourier coefficient [3]. The breakup
is assumed to occur when the surface area of the shed drops would be equal to the surface
area of the waves on the jet surface. For low speed jets, the cross-section of the blob at
each axial position is assumed to be circular [2]; for high-speed jets, the surface area of
the blob is obtained by integrating over the 2-D jet surface numerically [3].

The new breakup model was used to predict breakup characteristics, including the
breakup time and drop size, for jet primary breakup under various operating conditions
[8]. It was found that the effect of the choice of reference wave’s wavelength on the
breakup time and drop size was negligible, but the effect of the wave’s amplitude on the
breakup characteristics was important and was found to be correlated adequately with [8]

68




7 -0.066 ' SMD
o and SMD i (4)
SMD

BU

where 7,, and sMp™ are the predicted breakup time and drop size for a reference initial

wave amplitude with, 7, =02um,and f =7,/7,, . These corrections account for the

effects of the nozzle internal flow and the previous breakup events. For implementation
in multidimensional models, the primary drop breakup time and drop size were correlated

with the operating conditions. It was found [8] that for low-speed jets, when We <We__,
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where C, =50, C ,=10,C, =0.15,and C,,, =005 and We  =1000. In these
equations, £ is density, and subscripts 1 and g refer to the liquid and gas, respectively.

The Weber number is We = pU’D/ o and the Reynolds number is Re =UD /v .

The new breakup model was implemented in the KIVA code [9] to replace the
standard Kelvin-Helmholtz linear stability model for primary breakup prediction. As in
the standard KIVA code, the liquid jet is simulated using discrete parcels. The liquid jet
is simulated by injecting ‘blobs’, and the breakup of each injected blob was calculated
using Egs. (5) or (6). Secondary breakup of drops from the injected blobs was calculated
by a Kelvin-Helmholtz / Rayleigh-Taylor hybrid model [10]. The standard model
requires an assumed breakup length, beyond which the RT model is initiated [11]. The
new model removes this ad hoc requirement and calculates the breakup time for each
breakup event. The breakup of all child drops is predicted by the KH-RT model.

To test the model, vaporizing diesel fuel jets were studied using the experimental
data of Siebers [12]. Figure 1 shows the effect of gas temperature on the liquid

penetration length as the ambient gas density was varied from 3.6 to 59 kg/ m’, and the
gas temperature was varied from 700 to 1300 K. The injection pressure was 135 MPa,
and the nozzle diameter was 246 ym . It found that the new breakup model captures the
trends of penetration length as a function of the gas temperature more accurately than the
standard model whose predicted penetration length is a much weaker function of the gas
temperature [8, 13]. One controlling factor for the temperature dependence is the
vaporization rate, which is directly related to the drop size distribution. The improved
results indicate that the new breakup model predicts a more realistic drop size
distribution.

The new breakup model has also been applied to diesel combustion simulations
by Yi and Reitz [13], who found that engine emissions (particularly soot) are
significantly influenced by the details of the primary atomization model. It is interesting
to note that the primary atomization model had less effect on gross quantities such as
cylinder pressure, heat release or liquid penetration lengths.
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Fig. 1 Liquid penetration length as a function of gas temperature for gas densities from
3.6t059 kg/m’ The injection pressure is 135 MPa. The fuel and orifice diameter are

DF2 and 246 #m . Solid and dashed lines represent the computed and measured data,
respectively.
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SUMMARY

The overall goal of the research is to develop and demonstrate improved computational
approaches for turbulent combustion. In both space and aircraft applications, the design of
combustors in propulsion systems remains a significant technical challenge. Computational
modeling is used extensively in the design process: our work is aimed at increasing the accuracy
and efficiency of such models. In the last year significant advances have been made in two
areas. First, we have used PDF calculations to explore the processes involved in the lifted flames
studied experimentally by Cabra et al. (2002). These flames are formed as a cold fuel jet issues
into a vitiated air stream. Autoignition is an important process in the stabilization mechanism,
and consequently the calculated lift-off height is found to be sensitive to the kinetics. Second, a
new method has been developed for combustion chemistry reduction. This is an extension of
earlier work using rate-controlled constrained equilibrium (RCCE), but the implicit assumption
of an orthogonal projection is improved upon, with favorable impact on the method’s accuracy.
These two topics are described more fully below. In addition, in collaboration with a group at
the University of Pittsburgh, we continue to develop the combination of LES and PDF
approaches for turbulent combustion (e.g., Sheikhi et al. 2003).

PDF CALCULATIONS OF LIFTED TURBULENT FLAMES

In this work, more fully described by Masri et al. (2003), PDF calculations with detailed
chemistry are performed of the lifted hydrogen flames studied experimentally by Cabra et al.
(2003). The fuel jet mixes with co-flowing combustion products and heated air and subsequently
auto-ignites forming a lifted flame stabilized at about ten jet diameters downstream of the exit
plane. This burner, developed by Cabra et al. (2002), has the advantage of representing both
liftoff and auto-ignition in a rather simple and well-defined flow configuration. However, it
should be noted that lifted flames issuing in vitiated co-flow are different from those stabilized in
still air. The temperature and composition of the co-flow impose different conditions such that
the controlling processes and the dynamics of flame stabilization are different from a regular
lifted flame.

The computations presented here use the FLUENT code which solves Reynolds Averaged
Navier Stokes (RANS) equations for the mean conservation of mass, momentum and energy,
together with the k-¢ turbulence model equations. A transport equation for the composition PDF
is coupled and solved using a Lagrangian particle-based Monte Carlo method, and using the
modified Curl (MC) mixing model. A detailed chemical kinetic mechanism and a
thermodynamic data base are read in and the change in composition due to chemical reaction is
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then handled by the In-Situ-Adaptive Tabulation (ISAT) method (Pope, 1997). The use of ISAT
is novel in this hybrid RANS-PDF approach.

Two chemical mechanisms are used for hydrogen. One is developed by Mueller et al. (1999) and
involves 10 species (H, H, O, O,, OH, H,0, HO,, H,0,, Ar, N,) and 21 reactions. The other is
generated from the GRI-2.1 mechanism for methane by stripping out all the carbon and NO
containing species and reactions. This mechanism involves the same species as the Mueller
mechanism but with 28 reactions.

As an illustration of the results obtained, Fig. 1 shows radial profiles of the mean mass fractions
of H, and OH according to the two different chemical mechanisms. As may be seen, the GRI
calculations indicate ignition earlier than the experiments, whereas the Mueller mechanism is in
closer agreement with the data.

An interesting observation from the calculations is that ignition occurs first for extremely lean
mixtures, because these have the highest temperature.
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Figure 1: Measured and computed radial profiles of mean mass fractions of H, and OH, Yu2 and

You for the lifted flame. Plots on the LHS are for Y#2 and plots on the RHS are forY o# . Each
column shows six plots for axial locations x/D=1, 8, 10, 11, 14 and 26 respectively. The symbols
in each plot represent measurements, the solid line is computed using the GRI21- H, mechanism
and the dotted line represents computations from the Mueller-H, mechanism.
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DIMENSION REDUCTION OF COMBUSTION CHEMISTRY

In the past two decades, one of the most important triumphs in combustion research is the
numerical simulation of laminar flames in one or two spatial dimensions, taking account of
detailed transport and chemical kinetics. However, for most practical reacting flows featuring
three dimensional geometric complexity and turbulence, a detailed numerical simulation will
remain computationally prohibitive, even on the largest supercomputers. To make calculations of
turbulent combustion with realistic chemistry feasible, it is necessary to reduce the
computational cost of solving the complex thermo-chemical system.

The recent work of Tang and Pope (2000) describes a unified dimension reduction/storage
retrieval methodology which can be used to implement detailed hydrocarbon chemistry
efficiently in turbulent combustion calculations. Dimension reduction is achieved through rate-
controlled constrained equilibrium (RCCE) (Keck & Gillespie 1971); and storage/retrieval
through in situ adaptive tabulation (ISAT). In this context, RCCE is preferred over other
reduction methodologies, such as quasi-steady state assumption (QSSA) and intrinsic low-
dimensional manifold (ILDM) (Maas & Pope 1992), because of the guaranteed existence and
smoothness of the implied low-dimensional constrained equilibrium manifold (CEM). However,
RCCE is solely based in thermodynamics, whereas QSSA and ILDM are appropriately based on
dynamical-systems approached to the chemical kinetics. Its “efficiency” is questionable,
therefore, since it is not clear that the implied reduction assumptions are near optimal.

In this study, an orthogonal projection contained in the traditional RCCE method, which projects
the rate equation of the chemical system onto the constrained equilibrium manifold, is identified.
A more accurate projection, which we refer to as the close parallel inertial manifold (CPIM) is
then constructed. The CPIM assumption introduces the chemical kinetics directly through the
local Jacobian of the chemical reacting system, and hence leads to greater accuracy than RCCE.

As an illustration of the methodology, Fig. 2 shows calculations for the autoignition of a
methane-air mixture initially at 1500K. As may be seen, the CPIM results are almost
indistinguishable from those from the detailed mechanism, while RCCE overpredicts the ignition
delay time by about a factor of two.
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Figure 2: Comparisons of major species mole fractions against time calculated using RCCE and
CPIM (T =1500 K, p = 1 atm, and @ =1). Black: exact solution; Red: CPIM; Blue: RCCE.
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SUMMARY/OVERVIEW:

The specific objectives of this work are:

Q] To further develop and improve the " filtered density function" (FDF) methodology for
closure of the subgrid scales (SGS) in turbulent reacting flows.

(ii)  To implement the resulting SGS closure for large eddy simulation (LES) of turbulent
diffusion flames.

TECHNICAL DISCUSSION

The filtered density function (FDF) [1] methodology has proven effective for large eddy
simulation (LES) of turbulent reacting flows. The fundamental property of the FDF method is
exhibited by the closed form nature of the chemical source term appearing in the transport
equation governing the FDF. This property is very important as evidenced in several
applications of FDF for LES of a variety of turbulent reacting flows; see Ref. [2] for a review.
The encouraging results attained thus far warrant further improvements and implementations of
LES/FDF for a wider class of reacting flows. Our efforts within the past year have been
concentrated on doing exactly that. Specifically, we have been working on:

@ Development of the joint velocity-scalar FDF methodology.

(I) Implementation of our previously developed scalar filtered mass density
function (FMDF) for LES of turbulent methane jet flames.

(1) Development of the joint velocity-scalar FMDF methodology.

The efforts pertaining to (I) are documented in Ref. [3]. In this work, a methodology termed the
“velocity-scalar filtered density function” (VSFDF) is developed. This method is basically a
combination of the marginal scalar [4] and the marginal velocity [5] FDF schemes. Compared
to conventional LES and velocity FDF, this approach has the advantage of treating chemical
reaction in a closed form; and compared to scalar FDF, has the advantage of treating convective
transport (of momentum and species) in closed form. An exact transport equation is derived for
the VSFDF in incompressible turbulent flows. In this equation, the unclosed terms are modeled
in a fashion similar to probability density function (PDF) methods as used in Reynolds-
averaged simulations (RAS) [6]. A system of stochastic differential equations which yield
statistically equivalent results to the modeled VSFDF transport equation is constructed. These
SDEs are solved numerically by a Lagrangian Monte Carlo procedure in which the Ito
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character of the SDEs is preserved. The consistency of the proposed SDEs and the convergence
of the Monte Carlo solution are assessed in a format similar to that in our previous work [4,5].

In efforts pertaining to (II), we have used our previously developed scalar filtered mass density
function (SFMDF) [7] methodology for LES of a piloted jet flame configuration as considered
in the experiments of the Combustion Research Facility at the Sandia National Laboratories [8].
This flame has been the subject of broad investigations by other computational/modeling
methodologies [9]. In the experiments, three basic flames are considered, identified by Flames
D, E, and F. The geometrical configuration in these flames is the same, but the jet inlet
velocity is varied. In Flame D, the fuel jet velocity is the lowest and the flame is close to
equilibrium. The jet velocity increases from flames D to E to F, with noticeable non-
equilibrium effects in the latter two. We have completed LES of Flame D. For this
simulation, combustion is modeled via the equilibrium methane-oxidation model. This model
is enacted via "*flamelet” simulations which consider a laminar counterflow (opposed jet) flame
configuration [10]. The full methane oxidation mechanism of the Gas Research Institute
(GRI) [11] accounting for 53 species and 325 elementary reactions is used. At low strain rates,
the flame is close to equilibrium. Thus, the thermo-chemical variables are determined
completely by the ““mixture fraction." This flamelet library is coupled with our LES/SMFDF
solver in which transport of the mixture fraction is considered. It is important to emphasize
that the PDF of the mixture fraction is not ““assumed" a priori (as done in almost all other
flamelet based LES [12-16]. Rather, it is calculated explicitly via the SFMDF.

One of the most important element of LES/SFMDF is associated with the consistency of the
FMDF solver. This issue has been the subject of broad investigations in PDF methods (for
latest results see Ref. [17]). We have used a hybrid (and highly coupled) finite-difference
(FD)/ Monte Carlo (MC) solver in which some of the computations are conducted by FD, some
by MC, and some by both. The latter “redundancy" is very important in ensuring the
consistency and accuracy of the overall solution procedure. The first and simplest consistency
check is via flow visualization. For example, Fig. 1 shows the instantaneous temperature
contours of the methane jet flame as obtained by the two methods. Such a consistency is
checked for all the other variables and is further assessed via statistical analysis of data
generated by the two methods. The predictive capability of SFMDF is demonstrated in Fig. 2
which shows the radial distributions of the time averaged, filtered values of the mixture
fraction, the temperature and the mass fractions of some of the species. The agreement shown
in this figure is observed for all of the other mean values.

In efforts pertaining to (III), we have just finished the mathematical formulation for the
“velocity-scalar filtered mass density function" (VSFMDF). Compared to VSFDF, this
methodology has an added advantage that it allows for variable density effects. An exact
transport equation is derived for the VSFMDF. A system of stochastic differential equations
which yields statistically equivalent results to the modeled VSFMDF transport equation is
being constructed. Work is underway in selecting the parameters of the SDEs in such a way
that the compressibility effects are taken into account accurately.

WORK IN PROGRESS
Our current work is concentrated on the following issues: (1) Fine-tuning and further

implementation of the LES/SFMDF methodology for prediction of Sandia Flame D. (2)
Extension of LES/SFMDF methodology for LES of Sandia’s other flames. (3) Completion of
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the work on LES/VSFMDF by assessing its consistency and also its predictive capability by the
procedure followed in our previous work on LES/VSFDF [3].
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SUMMARY /OVERVIEW

The present research program has two major components: (I) the development of improved
turbulence/chemistry interaction models for large-eddy simulations (LES), and (11) the de-
velopment of reduced kinetic mechanisms for JP-8 surrogate fuels, including the definition
of surrogate fuels and the systematic reduction of the detailed chemical mechanisms. The
LES combustion models will be based on the flamelet approach, will be applicable to pre-
mixed, non-premixed, and partially-premixed turbulent combustion, and will be of sufficient
accuracy for predictions of pollutant formation. The second part of this work aims at the
development of a fuel component library, which consists of skeletal mechanisms for differ-
ent single component fuels using the same base chemistry. These can then be combined
in different ways to form a hierarchy of reduced mechanisms for surrogate fuels of different

complexity.

TECHNICAL DISCUSSION

Since the project started only in April 2003, we will here only describe the project and
present some relevant preliminary results.

Combustion Models for Large-Eddy Simulation

In recent years, Large Eddy Simulation (LES) has been successfully applied to non-premixed
and premixed turbulent combustion problems [1, 2, 3]. However, in most technical combus-
tion applications, the pure non-premixed or premixed combustion models are no longer valid,
since partially premixed combustion has to be taken into account. An example is the sta-
bilization region of a lifted non-premixed flame. To overcome this problem, a Combined
Conserved Scalar/Level-Set Flamelet model has been proposed [4, 5], which allows for the
computation of reactive flows, where both premixed and non-premixed combustion occurs.
In this formulation, the G-equation method is used to describe partially premixed flame
propagation and to distinguish between burned and unburned regions. The reacting gases in
the post-flame region are described by a laminar diffusion flamelet approach. The principal
roadmap for the further development and validation of these models is to develop and validate
the appropriate methods for the pure premixed and non-premixed combustion situations, and
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combine the resulting models for a more gencral formulation. Much of this work has been
done in the past. We have developed unsteady flamelet models for LES of non-premixed
turbulent combustion [1, 2], and a level-set method for LES of premixed turbulent combus-
tion (3]. These models have been validated with premixed and non-premixed turbulent jet
flame experiments. Preliminary simulations with a Combined Conserved Scalar/Level-Set
Flamelet Model have already been performed [6, 5).

Recently, we have developed a new consistent formulation of the G-equation approach
for LES [7]. The solution of the instantaneous unfiltered G-equation has physical meaning
only at the instantaneous flame front location. The definition of the remaining G-field is
arbitrary. Hence, in a filtering procedure, applied to derive the appropriate LES equation,
only states on the instantaneous unfiltered flame surface can be considered, which excludes
the use of conventional volumetric LES filters. A new filter kernel has been developed, which
averages along surfaces. Using this filter, the G-equation for the filtered flame front location
can be derived as

O 8.-VC = 57,,[VC 0

This equation has two unclosed terms. Since the new filter kernel only considers states at the
instantaneous flame front, the convection velocity appearing in this equation is an average
conditioned on the location of the flame surface. To relate 3, to the unconditionally Favre-
filtered velocity v, which is known from the solution of the momentum equations, a model
for this quantity has also been developed. The resulting equation for the filtered flame front
location is .

%tg +5-VE = %sm VG| . )
The second unclosed term involves the turbulent burning velocity. A model for this term
has also been developed. A length scale equation for the sub-grid flame brush thickness has
been derived. An analytic expression for the turbulent burning velocity follows from the
assumption that production equals dissipation in this equation.

Interestingly, because of the use of the new filtering procedure, a propagation term pro-
portional to the curvature of the mean front, which appeared in earlier formulations of the
filtered G-equation, is no longer present in Eq. (2). This is an important difference, since the
curvature term has a stabilizing effect on the flame front and therefore leads to a decreased
resolved flame wrinkling.

This new formulation offers many opportunities for future developments, especially for
a dynamic model for the the turbulent burning velocity. This will be a major goal of our
future developments. We will also improve the sub-grid models for quantities, such as the
turbulent kinetic energy, which are used in the computation of the turbulent burning velocity.
In addition, we will improve the fidelity of the models when the limits of the applicability of
flamelet models are approached.

Development of Reduced Kinetic Mechanisms for JP-8 Surrogate Fuels

Numerical simulations of practical combustion systems, such as furnaces, pool fires, and
even engines often lack an adequate description of the involved chemistry. The reason is,
first of all, that real fuels are composed of many single components, involving, for instance,
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aliphatic, aromatic, and alkylated aromatic components, but also cyclo-paraffins and possi-
bly oxygenated components. Only for some of these components, detailed chemical kinetic
mechanisms are already available. These mechanisms typically consist of thousands of reac-
tions and up to one thousand chemical species. It is clear that it is impossible to model the
true chemistry of a realistic fuel. Hence, for numerical simulations, appropriate surrogate
fuels have to be used, which consist of one or more chemical components and reproduce the
behavior of the real fuel as well as possible.

For the future, the US Air Force and the US Army are planning to use only one single fuel
for Diesel engine and aircraft engine applications. This fuel will be JP-8, which is composed
of approximately 65 % paraffins, 23 cycloparaffins, and 12% aromatics. This suggests that
these types of fuels should be considered as possible ingredients of JP-8 surrogate fuels.
However, it should also be considered that the chemical behavior of branched chain paraffins
differs substantially from straight chain paraffins, so that composites with at least four
essentially different structures can be identified. The possible candidates representing the
different chemical groups in the surrogate fuels have to be limited to chemical species, for
which detailed chemical reaction schemes are available or might be available in the near
future.

The first step for the present work is to identify appropriate surrogate fuels, which rep-
resent the physical and chemical properties of the real fuel as closely as possible. Possible
chemical and physical requirements that might have to be satisfied by a particular surrogate
fuel are the specific heat release, which can be expressed by the C/H ratio, the liquid or
gaseous fuel density, specific heats, boiling point, critical pressure and temperature, forma-
tion of pollutants, such as NO, and soot, burning velocity, and auto-ignition characteristics.
However, it is important to recognize that not all of these criteria are important in all
applications. For instance, low temperature auto-ignition characteristics are important in
the application to Diesel engine combustion, but irrelevant for aircraft gas-turbine engine
combustion. .

For the present work, to achieve high flexibility, we will identify surrogate fuels of different
complexity by using available experimental data. For all the involved components we will
identify appropriate detailed kinetic mechanisms. The accuracy for each single component
will then be assessed by comparing simulations with experimental data. For the choice of
individual components it is interesting to note that the base components might have to be
changed, when going to higher complexity surrogate fuels. It is for instance well known that
n-heptane is a good choice for a one-component surrogate fuel for Diesel engine combustion,
because the auto-ignition characteristics are similar to real Diesel fuel. However, accounting
for an aromatic component in a two-component surrogate fuel strongly delays auto-ignition,
such that the aliphatic component has to be changed from n-heptane to a longer chain
aliphatic fuel, which provides a lower auto-ignition delay time.

Differently from previous approaches, here, we will first develop skeletal mechanisms of
different complexity for each single fuel component. The simplest mechanisms describe
only the heat release, response to strain, and laminar burning velocities correctly. Higher
levels of complexity will also include the hydrocarbon chemistry important for NO,, soot
formation and low temperature auto-ignition chemistry. These skeletal mechanisms will form
a component library. From this library, surrogate fuels of different complexity can be defined,

The great advantage of the component library approach is that mechanisms for surro-
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gates with the same components, but for different application can be developed relatively
easily by just combining the skeletal mechanisms of the single components with appropriate
complexity. The second advantage is that, if new components should be added in the future,
then these can just be added to the skeletal mechanism component library and the reduction
procedure does not have to be repeated for the entire detailed multi-component mechanism.

Different surrogates for JP-8 have been suggested, for instance, by Viola et al. [8] and
Agosta et al. [9]. We will most likely start with the six-component surrogate fuel by Viola et
al. [8]. The next steps will be to identify a detailed kinetic mechanism for this surrogate fuel,
validate with experiments, particularly with the UCSD extinction and counterflow ignition
data by Seshadri. With a good set of test cases, we can then computationally define simpler
surrogate fuels and build the component library of skeletal mechanisms.
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SUMMARY/OVERVIEW

The objective of this study is to develop and validate a novel class of hybrid
schemes to simulate turbulent mixing and combustion flows. The schemes are based on
the coupling of large-eddy simulation (LES) to compute complex flows with One-
Dimensional Turbulence (ODT) to resolve important subgrid scale phenomena that
govern the so-called “turbulence-chemistry interactions.”

TECHNICAL DISCUSSION

Introduction: The prediction of finite-rate chemistry effects presents challenges to the
state-of-the-art models in turbulent combustion. The key challenge is the difficulty to
account for the detailed coupling between turbulence and chemistry over a wide range of
length and time scales. In recent years, there has been increased interest in applying LES
approaches to reacting flows. Turbulent combustion models that have been proposed in
recent years include extensions of already demonstrated models in RANS approaches
with their recognized limitations. These limitations are associated with the
representations of unresolved physics of mixing, transport and reaction models, such as
the prediction of ignition or extinction events. Other limitations may involve the
prediction of transitions in the burning mode (e.g. diffusion to premixed), in the burning
regime (e.g. flamelet to distributed reaction) or in the flow regime (e.g. laminar to
turbulent).

Alternative strategies in turbulent combustion modeling have been developed by
Kerstein: the Linear-Eddy Model (LEM) (Kerstein 1989, 1990, 1991, and 1992) and the
One-Dimensional Turbulence (ODT) model (Kerstein 1999). The two approaches address
the difficulty of adequately predicting mixing-reaction coupling at all scales by spatially
and temporally resolving the processes of turbulent advection, molecular transport and
chemistry on one dimension in physical space. The models are based on a mechanistic
distinction between turbulent transport and molecular processes (diffusion and
chemistry). Molecular processes are implemented deterministically by solution of the
unsteady reaction-diffusion equations. Turbulent transport is implemented stochastically
by using discrete stirring events implemented on segments of the domain. The principal
distinction between LEM and ODT stems from the solution of one or more components
of the velocity vector in ODT. The additional transport equations provide information
about the velocity field, thereby a mechanism for “driving” turbulence. In contrast to
LEM, which is a “mixing model”, ODT is a self-contained turbulence model. In LEM,
the frequency and the eddy size distribution of the stirring events are prescribed so as to
reproduce a predefined energy spectrum and a characteristic turbulent Reynolds number;
while, in ODT the frequency and the eddy size distribution of the stirring events are not
prescribed in advance. Instead, the local flow field determines them.




In recent studies, Echekki et al (2001, 2002) and Hewson and Kerstein (2001) have
demonstrated the stand-alone ODT model for the prediction of finite-rate chemistry
effects in_ self-stabilized hydrogen-air, and CO/H,-air and piloted methane-air jet
diffusion flames. In nearly parallel flows, the ODT 1D domain may be implemented as a
radial line along the transverse plane to the mean flow. This line’s evolution in time is
then interpreted as a downstream evolution from the inlet through advection of the ODT
domain. Qualitative examinations of the inherent mechanisms that govern mixing and
entrainment (Echekki et al 2001) indicate that the model reproduces some of the salient
features associated with 3D developing boundary layers, even if the dynamics of these
complex flows may not be adequately captured with a 1D formulation. Moreover, the
model shows very good agreement with experimental statistics of thermo-chemical
scalars, including minor species (NO) and intermediates (OH) (Echekki et al 2001) and
differential-diffusion effects. The recent simulations by Echekki et al (2002) and Hewson
and Kerstein (2001) also illustrate the model capability to predict extinction-reignition
events in jet diffusion flames.

Objectives: The objective of this study is to develop and validate a novel class of hybrid
schemes to simulate turbulent mixing and combustion flows. The schemes are based on
the coupling of large-eddy simulation (LES) to compute complex flows with One-
Dimensional Turbulence (ODT) to resolve important subgrid scale phenomena that
govem the so-called “turbulence-chemistry interactions.”

Requirements for Hybrid Approaches and General Methodology: In many respects,
the LES-LEM methodologies that were developed by Menon and co-workers and
McMurtry and co-workers (see for example the review by Menon et al 1993) may be
implemented without significant modification to LES-ODT; but the self-contained ODT
formulation provides better coupling between subgrid and LES-grid scales through the
ODT and LES-filtered momentum equations. This coupling enables a more robust
implementation of LES-ODT, and extends the application of these hybrid schemes to a
wider class of complex flows. One important limitation of LES-LEM implementation is
the use of ‘splicing events’ for turbulent transport of scalars across LES grids. They
involve the exchange of segments of the individual LEM domains (which reside in the
LES grid). However, these splicing events do not recognize the portions of the LEM
domains that should be exchanged across LES boundaries, and therefore result in
unrealistic mixing events (e.g. mixing and fuel and oxidizers without crossing a flame).

An LES-ODT formulation may potentially extend individual representative ODT
domains, or elements, across LES cell boundaries, and remove the requirement for
splicing. Moreover, the solution of the components of the velocity in the ODT solutions
provides a measure of subgrid scales stresses, thereby an alternative model for the
subgrid stresses in LES. Therefore, the implementation of LES-based and ODT-based
subgrid stresses must be compatible, either by adopting one or combining them into a
mixed model. Most importantly, ODT elements can be advected across LES grids to
better reflect large scale transport and history effects in combustion phenomena. The
LES-ODT methodology is stated below:

® LES resolves transport equations for the momentum and selected scalars to provide a
global measure of the flow field and the progress of chemistry and mixing.

® ODT resolves transport equations for subgrid or fluctuating velocity components, and
the species and energy equation— The ODT momentum equations are obtained by
constructing 1D residual equations from the balance of the instantaneous and filtered
momentum equations. The species and energy equations are solved in their unsteady
forms on the ODT grid with their filtered and fluctuating velocity contributions
expressed explicitly.

Two representations of ODT domains may be implemented that reflect the coupling of
ODT with LES: Eulerian and Lagrangian representations. In the Eulerian representation,
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the ODT domains are fixed a priori in the computational domain of the coarse-grained
simulations. In the Lagrangian representation, the ODT domains are transported with the
mean flow. The Lagrangian representation eliminates partially or completely the
contribution of mean advective terms in the governing equations of ODT. Distribution
requirements of ODT elements in Lagrangian representations are similar to those adopted
for related Eulerian-Lagrangian formulations, such as vortex methods (Cottet and
Koumoutsakos, 2000). Similar requirements have already been addressed in PDF
approaches in turbulent combustion (Pope 1985) and in the more recent Representative
Interactive Flamelets approach (Pitsch ef al 1998).

Figure 1 illustrates a conceptual Eulerian implementation of representative ODT domains
for the simulation of an expanding kemnel inside the cylinder of an IC engine. The ODT
domains may be implemented to “see” the cylinder boundaries, thereby a fine-grained
representation of important processes near the cylinder walls (e.g. flame-wall
interactions, wall heat transfer, surface chemistry).

representative ODT domains

cylinder wall
Figure 1. Hybrid LES-ODT Approaches — By
placing “representative” ODT domains in the
computational domain for the LES in a manner
consistent with the required resolution of the
coarse-grained scheme, spatial resolution of
subscale mixing and chemical effects may be
achieved. In LES-ODT hybrid schemes,
averaged or filtered equations are solved using
LES-filtered Navier-Stokes equations. In ODT,
the fluctuating velocity components and the
thermo-chemical scalars are solved on a finer
grid.

The ODT solutions require the specification of initial and boundary conditions, which
must be compatible with the LES solutions. ODT elements may extend to the boundaries
of the LES domain or imbedded without extension to these boundaries. In the latter
approach, implementations of buffer domains or forcing of the governing equations at the
ODT boundary points may be implemented.

Formulation of Filtered and Residual Equations: The formulation is based on splitting
the unsteady Navier-Stokes equations into filtered and residual equations. The residual
equations are projected into 1D domains or elements. The LES and ODT governing
equations for continuity, momentum and scalars are presented in Table 1 for a
Lagrangian representation of ODT elements.

LES ODT (Lagrangian Formulation)
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Table 1. Governing equations for LES and ODT. The coordinates on the 1D domain is 7). The scalars Za, are derived
scalars based on the resolved scalars T and Y. They are measures of the progress of reaction and mixing {e.q. reaction
progress variable, mixture fraction, dissipation rate). Their closure terms (diffusive transport, subgrid fluxes and source
terms) are evaluated using the ODT resolved solutions based on the ODT elements residing at the selected grid.

In the hybrid scheme, ODT provides information about velocity-scalar correlations, the
filtered density, the mean viscosity and species diffusivities (and diffusive fluxes), and
the mean reaction rate. The LES simulation provides mean velocity components. Subgrid
stresses may be computed using the coarse-grained approach or ODT (see Fig. 2). The
two solution techniques may be coupled numerically using a fractional step approach for
temporal integration.

Fiqure 2. Schematics of the
hybrid Solution algorithm. ODT
provides averaged or filtered flux
terms for species and
temperature, and averaged and
filtered diffusive flux and chemical
LES opT source terms for species and
temperature. LES  provides
filtered velocity components and
the pressure. Subgrid stresses
may be evaluated using ODT, or
may be provided through the

: coarse solution, and used to
Joi»8(Z,) dynamically specify the ODT
’ model! parameter.

pa(Hz, -2
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SUMMARY/OVERVIEW:

The objective of the proposed research is to develop the fundamentals of Lattice-Boltzmann
method (LBM) to enable large-eddy simulations (LES) of turbulent combustion. The physical and
computational advantages of the Lattice Boltzmann equation over the Navier-Stokes (NS) based
methods for the turbulent combustion application are now even more evident than before. Our goal
is to compete with NS methods in their strength areas and provide a superior computational
capability in problems that are not easily tractable by the NS method.

TECHNICAL DISCUSSION

Lattice Boltzmann method (LBM) continues to grow as a viable alternative to traditional
CFD methods for computing complex fluid flow. For flows involving multi-species mixing, multi-
phase interaction and reaction, the advantages of the LBM over traditional methods lay both in
physical accuracy and computational characteristics. From the physics point of view, LBM is
especially well suited for turbulent reacting flows for it is capable of incorporating
thermodynamics, fluid dynamics and chemistry in one internally-consistent unified description. In
recent years, LBM has made significant strides in theory and application. On the theoretical front,
rigorous mathematical proof now exists demonstrating that the LBM is a special finite difference
scheme of the continuous Boltzmann equation that governs all fluid flow [ (Recall that the
Navier-Stokes (NS) equation also has its roots in the Boltzmann equation.) It has also been shown
that the LBM can be related to some conventional CFD methods and the proof brings to light the
advantages of the LBM. Preliminary numerical studies with the LBM demonstrate the power and
the potential of this new method. The main computational advantages of the LBM ‘discrete' physics
model over the continuum physics model are now well established. Throughout the report the terms
LBM and LBE method are used synonymously.

Turbulent combustion is a culmination of several physical processes occurring individually
and collectively. The first step towards making LBM a computationally viable tool for turbulent
combustion entails the development of models for several phenomena not considered in the basic
method. We identify seven different areas in which the LBM needs to be developed from
fundamental principles before they can be combined to perform turbulent combustion calculations.
These research sub-areas are 1) Molecular mixing, especially between species of vastly different
molecular weights. 2) DNS and LES of turbulence. 3) Laminar flames. 4) Effects of heat release on
flow dynamics. 5) Multi-phase effects. 6) Chemical kinetics and its reduction. 7) Treatment of
complex geometry and boundary conditions.
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Under the present grant, aspects of sub-areas (1), (2), (3), (5) and (6) were addressed and
suitable LBM models are being developed”™®!, The most significant progress has been made in the
area of multi-species mixing. We have developed high-fidelity LBM models for multi-component
mixing which represents a very important step toward enabling LBM calculations of combustion?"
B3], Comparison of the mixing model against NS-based DNS data shows very good agreement™! As
demonstrated in the above references, this approach offers several advantages over continuum-
based methods for turbulent combustion, especially when reactants of vastly different molecular
weights are involved. Yet, much needs to be done before the full potential of LBM for LES of
turbulent combustion can be realized. In this report we will present in some detail the progress
made in two other areas: DNS of isotropic turbulence in inertial and rotating frames and chemistry
reduction.

DNS/LES with LBM: Evolution of homogenous isotropic turbulence in a 3D periodic cube
is an important benchmark problem in the field of DNS. In an effort to evaluate the capability of
LBM in turbulence, simulations of homogeneous isotropic turbulence are performed for the first
time in both inertial and rotating frames. A brief description of this study is now provided.

A homogeneous isotropic turbulence velocity field is generated in Fourier space according

to a prescribed energy spectrum: E(x,0) = 0.038«* exp(-0.14x*) with pre-selected wave numbers
in the range (1<x<8). Incompressibility condition is automatically satisfied by (randomly)
selecting the velocity amplitude vector in a plane normal to the wavenumber vector. The
wavenumber vectors are uniformly distributed on a sphere of the appropriate radius. The decay of
turbulence is then investigated in inertial and rotating reference frames. The low-wavenumber
scaling of the spectra and the long-time kinetic energy and dissipation decay exponents are
evaluated.

For the case without reference frame rotation, the LBM-calculated evolutions of kinetic
energy and dissipation are shown in Fig. 1. Simple analysis shows that the decay laws for kinetic
energy and dissipation are given by k(t) =k,(t/t,)™ and &(t)=¢,(t/t,) ™" respectively. The
experimental values reported for the decay exponent n are generally in the range 1.15-1.45. From
Fig. 1, it can be seen that the computed values of the decay exponents are 1.4 for kinetic energy and
2.4 for dissipation, in good agreement with experimental data. Energy spectra at different time
steps for the same case are shown in Fig. 2. Initially, energy is contained in small wave number
range as prescribed. Soon the energy spreads to higher wavenumbers (smaller scales) due to the
non-linear cascade process. This in itself is quite significant since the advection (the source of non-
linearity) is handled very differently in LBM. At this stage, the spectra scale as E(k) ~ x? in the low
wavenumber scales. (Figure 2 shows the compensated spectra). This is the expected behavior (at
this stage of evolution) as energy is a conserved during spectral cascade. Subsequently, the spectra
start to decay, more rapidly in the large wavenumbers and slowly in the small wavenumbers (small
scales).

The effect of frame rotation on turbulence is to inhibit the spectral cascade and thus slow
down the decay. Apart from reducing the decay rate, rotation also renders the turbulence
anisotropic. In our simulation, we take the axis of frame rotation to be along 3-direction with an

T
angular velocity Q=(0,0,Q), where Q=xuYR,, Ro is the Rossby number and
K, = (K, +K,;,)/2 is a constant characterizing the energy containing wave number at t = 0.

Simulations are performed for several Rossby numbers. Fig. 3 shows the evolution of kinetic
energy with parameters u' = 0.01, T = 0.62 (128° calculation) for various Rossby numbers. The
decay rate decreases with decreasing Rossby number as expected. Closer inspection of the spectra
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(figure not shown) clearly indicates that the energy cascade is inhibited by rotation, again
consistent with known physics.

Reduced chemistry for LBM: Due to the simple explicit nature of LBM, it is anticipated
that the time-step size will be smaller than a comparable NS method. In inert flows, the increase is
the number of time steps is amply compensated for by the significantly reduced computational
effort per time step in LBM. In turbulent combustion flows, the advantage may be reduced unless
reaction is handled efficiently. Therefore, for efficient implementation of LBM, it is crucial to
develop reduction techniques that are computationally inexpensive.

Currently, a variety of approaches are available in literature for reducing large kinetic
mechanisms. For LBM, the simplest of the reduction procedures, the quasi steady state
approximation (QSSA) is computationally most suitable, but it is of unreliable accuracy. In search
of an inexpensive but reliable reduction procedure for LBM, (i) we will develop fundamental
(realizability) constraints which any reduced system must satisfy at a minimum; and (ii) derive
simplest models that satisfy these conditions.

Currently, there is no established criterion for judging what constitutes an adequate
reduction method. Towards this end, we propose three fundamental or consistency constraints that
areduced system may be mandated to satisfy to be deemed physically acceptable.

1. The reduced system must preserve the fundamental physical properties of the state
variables of the full system. This requirement is akin to the realizability constraint in
turbulence modeling.

2. The mathematical character of the reduced system must be consistent with that of the full
system.

3. The dynamics of the reduced system must be a realizable subset of the full-system
behavior. That is, the dynamics of the reduced system cannot be inconsistent with that of
the full system. The reduced manifold must be a realizable solution of the full system.

Surprisingly, most current analytical methods (including the sophisticated ones) do not satisfy these
minimal requirements. We derive two QSSA-type reduction schemes that possess the following
important attributes which are lacking in the traditional QSSA: (i) improved accuracy; (ii)
insensitiveness to the choice of retained (slow) and discarded (fast) variables; and, (iii) possibility
of customizing the invariant manifold calculation for a specific situation by choosing appropriate
reference point.
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SUMMARY

Velocity-scalar filtered joint density function (FJDF) and its transport equation used in PDF-
based large eddy simulation (LES) of turbulent combustion are studied experimentally in
an axisymmetric turbulent jet. The FJDF and the unclosed terms in its transport equation
are analyzed using their conditional averages. The FJDF is found to have qualitatively
different characteristics depending on the instantaneous subgrid-scale (SGS) scalar variance
and kinetic energy. In particular, when both are large compared to their mean values, the
scalar mixing depends strongly on the SGS velocity, and the dependence is expected to
be Reynolds number independent. The SGS fields are similar to the velocity and mixture
fraction structure for laminar flamelets. The results further demonstrate that it is important
for mixing models to depend on velocity and to account for different velocity and scalar
structures.

TECHNICAL DISCUSSION

PDF-based LES approaches for computing turbulent combustion have shown great promise.
A method recently established by Peyman Givi’s group (Skeikhi et al. 2003) solves the
velocity-scalar FJDF transport equation in which the SGS scalar transport term is in closed
form. More importantly, this approach allows mixing models to depend on velocity, thus has
the potential to provide a more realistic description of the SGS mixing which is key to the
accuracy of PDF base approaches. Here we study the FJDF and its transport equation for
improving the velocity-scalar FIDF method. The velocity FJDF and its transport equation
have been shown to be Galilean invariant (Tong 2003).

The velocity-scalar FJDF is defined as
~ 3 -~
funﬁ(va ¢; X, t) = /H (S[’U,,;(X’, t) - V;]J[qs(xlv t) - ¢]G(xl - x)dx', (1)

i=1

where V, ¢, 4, and G are the sample-space variable for u and ¢, the Dirac delta function,
and the filter function, respectively. The integration is over all physical space. The FIDF
represents the weighted joint distribution of the velocity components and the scalar in a grid
cell. The transport equation of the FJDF is obtained using the Navier-Stokes equations and
the scalar transport equation:

Ofupr | v, 0fusr _ OP)LOfupr , 8 (O, o . _ 2
5 T V; Bz, ~ 0m; OV, + E)Vj{<8xj|u =V,¢=¢)rfupr}
o 82ui _ 3 0 62(}5 _ _ 7
_3_1/;{<V8z16:1:1 lll - V7 ¢ = ¢>qu¢L}_a_${<Da$ja$j lll - V’ ¢ - ¢)qu¢L}' (2)

where (- lu=V,¢ = <Z)) 1 denotes a conditionally filtered variable conditional on the velocity
vector and the scalar. The left hand side represents the time rate of change of the FJDF
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and transport of FIDF in physical space. The terms on the right hand side are transport
of the FJDF in velocity space by resolvable-scale pressure gradient, SGS pressure gradient,
viscous acceleration, and molecular diffusion. An alternative term to the conditionally fil-

tered scalar diffusion is the conditionally filtered scalar dissipation (y|u = V, ¢ = @)1, where

0¢ 09 . o
X = D——— is the scalar dissipation rate.

or j Oz 7

The FIDF is a random process and requires statistical descriptions. We employ condi-

tional sampling and averaging techniques. Our previous studies of conserved scalar FDF, the
FDF transport equation, and velocity FIDF using these techniques (Tong 2001, Wang and
Tong 2002 and 2003) have shown that the SGS velocity and scalar are in equilibrium and
non-equilibrium for small and large instantaneous SGS energy and variances, respectively.
The non-equilibrium SGS scalar contains diffusion layers and the FDF is bimodal, thus the
SGS scalar is similar to a nonpremixed scalar field. For nonequilibrium SGS velocity the ve-
locity FIDF is approximately uniform, suggesting that the SGS velocity is under local rapid
distortion, which may be modeled using the velocity-wavevector model (Slooten and Pope
1997). The results suggest that mixing models that can better predict the non-equilibrium
regime are needed. In this work we investigate the statistical dependence between the SGS
velocity and scalar and the effects of the SGS velocity on SGS scalar mixing. The FJDF
and the SGS terms in the its transport equation are analyzed using their conditional means
with the SGS scalar variance (¢"), and the SGS kinetic energy, k;, = ((w/2),, + (u/2).)/2
as conditioning variables.

Our measurements were made in an axisymmetric turbulent jet at 80 jet nozzle diameters
(D =15 mm) downstream. The jet Reynolds number UD/v is 40000. A sensor array
consisting of three hot-wire probes is used to obtain data for performing filtering operations
in both the streamwise (z) and transverse (y) directions. The filter size is varied from 63 to
250 Kolmogorov scales. This technique enables us to acquire a large amount of data (10®
samples) necessary to achieve sufficient statistical convergence.

A. Velocity-scalar FJDF

The mean FJDF conditional on the SGS energy, the resolvable-scale velocity, the SGS
scalar variance, and the resolvable-scale scalar has qualitatively different forms depending on
the conditioning variables. For small k; (< (k.)) and (¢"?), (< (¢"?)), the conditional FIDF
is close to joint-Gaussian (not shown), similar to the JPDF in a fully developed turbulent
jet, which is in quasi-equilibrium. For large (¢"2), the FIDF is bimodal at ¢”/(¢"?), ~ +1
regardless of the values of k;, (Fig. 1), consistent with a scalar diffusion layer structure. For
small &, [Fig. 1(a)] the correlation between the SGS scalar and the velocity component ; is
low, indicating small conditional SGS flux. For large ky, [Fig. 1(b)] the correlation is strong
and the two peaks of the FJDF are also separated in the velocity space with a “neck” near
u; = 0. Thus scalar mixing is expected to be most intense near this point and depends
strongly on the velocity, further demonstrates the need for mixing models to depend on the
velocity. This FJDF shape is consistent with a scalar diffusion layer associated with a local
plane strain (converging-diverging) velocity field. In such a structure the scalar gradient is
the largest in the diffusion layer where the SGS velocity is the smallest. The structure is
similar to the counter-flow model for laminar flamelets. The FJDF peaks in Fig. 1(a), on
the other hand, overlaps in the velocity space; thus mixing can occur over a wide range of
SGS velocity and is less dependent on the velocity.

B. Conditionally filtered scalar diffusion and dissipation

In the present study the scalar diffusion and dissipation are obtained using the streamwise
derivatives. For small ("), the diffusion generally has linear dependence on both the
SGS velocity and scalar. Figure 2(a) shows the conditionally filtered diffusion for small kg,
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(0.52(kz)). In the center portion the isocontours can be approximated by equally-spaced
straight lines, consistent with a previous linear model. For large k; the isocontours have
larger slope, indicate stronger dependence on u;. The results are consistent with velocity-
scalar fields having a joint normal JPDF.

For large SGS variance the surface plot of the diffusion is S-shaped and depends on u; for
certain ranges of k;, values. Figure 2(b) shows the conditionally filtered diffusion for large
(¢") 1 (6.09(¢"2)) but small kz. In addition to an approximately linear trend, an S-shaped
dependence on ¢ exists for all u; values. This is consistent with the FJDF in Fig. 1(a)
which shows that the bimodal scalar distribution spans a wide range of velocity. For large
ki the S-shaped region appears to be limited to near u; = 0 (not shown), suggesting that
large magnitudes of diffusion occur at small SGS velocity. This is further discussed in the
following along with the dissipation.

The conditionally filtered scalar dissipation provides an alternative to the conditionally
filtered scalar diffusion to close the FJDF equation. For small {¢?)}, the dissipation generally
depends weakly on both the velocity and scalar (not shown), consistent with the approxi-
mately joint normal FJDF. For small kz and large (¢"2)y, the dissipation shown in Fig. 3(a)
has a bell-shaped dependence on ¢ but is weakly dependent on u;. The dependence on ¢
is consistent with the FJDF in Fig. 1(a) and the S-shaped the diffusion plot in Fig. 2(b).
For large k;, and (¢"?), the dissipation is the largest at ¢ = 0 and u; = 0 [Fig. 3(b)] and
decreases as velocity increases, indicating strong dependence on the SGS velocity. This is
consistent with the FJDF in Fig. 1(b) and the notion that the diffusion layer is associated
with a converging-diverging (e.g., plane strain) velocity field. In such a structure the velocity
component normal to the diffusion layer is small near the layer. This also suggests that the
S-shaped surface for the scalar diffusion is limited to small u; values. Since diffusion layers
have been shown to exist at very high Reynolds numbers, the observed dependence of scalar
diffusion and dissipation on the velocity is expected to be Reynolds number independent.

The present study show that there is strong statistical dependence between scalar mixing
(dissipation-scale scalar) and the SGS velocity field. The scalar and velocity structure for
large SGS variance (especially when the SGS energy is also large) is similar to structure
of laminar flamelets, thus the ability of mixing model to reflect such a structure and the
localness of mixing is important. The scalar diffusion conditional on the SGS velocity under
such conditions is expected to be non-zero and independent of Reynolds number. The results
further demonstrate the importance of the velocity in mixing and of including velocity in
mixing models.
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Figure 1: Mean FJDF conditional on kj, (u)g, (¢"*)1, and (¢);, on the jet centerline for
(u1)L = (w) (3.07 m/s) and (u;);, = 0: (a) ky/{k) = 3.04 and (") (") = 6.09; (b)
kp/(kp) = 0.64 and (¢"%)/(¢"%) = 6.09. The bimodal FIDF in (b) is strongly asymmetric
in uy, indicating large SGS flux and suggesting that mixing occurs primarily near u; = 0.
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Figure 2: Mean conditionally filtered scalar diffusion: (a) k. /(k.) = 0.8 and (@")L/{d"?) =

0.94; (b) k/ (kL) = 0.52 and (¢"?)L/(¢"?) = 6.09. The diffusion in (a) is can be approximated
using a previous linear model (straight lines) whereas that in (b) has a S-shaped region.

Figure 3: Normalized mean conditionally filtered scalar dissipation: (a) k; /{kr) = 0.64 and
(6")L/(¢") = 4.67; (b) ky/(kr) = 2.43 and (¢9"™)L/(#") = 4.67. The dissipation in (b)
shows that mixing occurs primarily near u; = 0.
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SUMMARY/OVERVIEW

This research is concerned with systematic comparisons of scalar autocorrelation functions,
power spectral densities, and integral time scales measured by picosecond time-resolved laser-
induced fluorescence (PITLIF) and predicted by large-eddy simulations (LES) for turbulent non-
premixed and partially premixed jet diffusion flames. These comparisons include both single-
point and two-point measurements of OH and CH so as to capture both spatial and temporal cor-
relation statistics. Interpretations of both measured and predicted statistical correlations are
aided by flamelet simulations. Such assessments should lead to the development of improved
LES models for turbulent combustion processes crucial to practical gas-turbine combustors.

During this past year, hydroxyl time-series have been obtained using PITLIF in turbulent
H,/N; jet diffusion flames. Large-eddy simulations for the same flames have been used to pre-
dict OH, density and mixture fraction temporal statistics. The measured and predicted power
spectral densities for OH were found to collapse to the same shape when normalized by their in-
tegral time scales. However, the integral time scales predicted by LES were systematically low
by a factor of two-three. These data represent the first reported assessment of LES-predicted
fluctuation rates in turbulent reactive flows.

TECHNICAL DISCUSSION

Scalar fluctuations in turbulent flames display power spectra spanning many orders-of-
magnitude in frequency. In many cases the distribution of these fluctuations is self-similar and
can be described by a single integral time scale. For non-premixed reacting flows, the local time
scale includes information on fluctuation rates arising from both mixing and flame motion.
Large-eddy simulations (LES) are capable of predicting such temporal information at moderate
Reynolds numbers." Assessment of LES predictions has previously been limited to probability
density functions (PDFs) and their moments, including associated mean and rms values. For this
work, LES fluctuation rate predictions were examined by comparison to measured scalar time
series. In particular, OH fluctuations were measured in a non-premixed hydrogen jet flame.
While mixture fraction would be a preferable scalar for validating LES predictions, its measure-
ment is much more difficult and associated fluctuation rates are not generally available. How-
ever, since OH exists only in high-temperature regions of non-premixed flames, OH fluctuations
are dominated by large-scale flame motion.> The OH time scales are insensitive to the OH con-

! Pitsch, H. and Steiner, H., Phys. Fluids, 10:2541 (2000); Kempf, A., Forkel, H., Chen, J. Y., Sadiki, A., and Jan-

icka, J., Proc. Combust. Inst. 28:35 (2000).
2 Renfro, M. W., Guttenfelder, W. A_, King, G. B., and Laurendeau, N., M., Combust. Flame 123:389 (2000); Ren-

fro, M. W, King, G. B., and Laurendeau, N. M., Combust. Flame 122:139 (2000).
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centrations in the flame yet are very sensitive to the flame width and motion.’ Therefore, OH
time-series statistics are expected to be indicative of flame motion, and its comparison to LES is
expected to be a useful mechanism for testing the statistical capabilities of LES models.

In the present study, comparisons to LES are limited to a single 50% H,/50% N,, Re=10,000
flame. The chosen fuel mixture and flame geometry is a standard flame (H3) in the Turbulent
Nonpremixed Flame Workshop and has been studied previously by Meier et al.* using single-
shot Raman scattering, by Pfuderer ez al.’ using laser-doppler velocimetry (LDV), and by Neuber
et al® using combined laser-induced fluorescence (LIF) and Raman scattering. These authors
report mean values and standard deviations of the temperature and major-species concentrations
for this flame. The time-series measurements reported in this study further characterize a stan-
dard flame and thus complement the previous data for this flame.

The laser system and detection system used for the present OH measurements is identical to
that employed by Renfro ef al.” The system consists of a mode-locked laser and a photon
counting system that records the LIF signal and fluorescence lifetime with temporal resolution
and bandwidth sufficient for time-series measurements. For the current measurements, the spa-
tial resolution was 100x100x60 pm’ based on the beam diameter and the monochromator en-
trance slit width for the detection system. In previous experiments, a fixed sampling rate was
chosen to resolve the regions of the flame with the fastest fluctuations. This resulted in exces-
sive temporal resolution in regions with slower
fluctuations. In this work, the bandwidth was
altered at each point based on the measured 4
power spectra, resulting in improved signal-to-
noise ratios.

The bumer for the turbulent nonpremixed
flame was identical to that used by Meier et al.*
and consisted of an 8-mm tube with a thinned rim
at the exit. Co-flowing air with an exit velocity
of 0.3 m/s was provided using a contoured 140-
mm nozzle. The burner could be translated in )
axial and radial directions to change the position 0 ) 4 6 g 10
of the measuring location. Fifty time series of
4096 points were collected at each measurement 6
location. PDFs, PSDs, autocorrelation functions,
and integral time scales were computed in the ° 7
same manner as reported by Renfro ef al.,’ in- 1
cluding a correction for the measured contribu- ]
tion of shot noise. The statistics were averaged '
over fifty time series to reduce noise.

The large-eddy simulations were performed //
on a structured cylindrical grid with 60 radial, 32 o
circumferential, and 256 axial staggered grid 0000 0002 000 0006 0008 0010
cells. For each simulation, 200,000 time steps time (5)

were computed requiring approximately two Fig. 1: Hydroxyl time series at x/D=10 (top) meas
weeks on a 2-GHz processor. For the H3 flame  ured by PITLIF and (bottom) from LES.
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3 Renfro, M. W., Gore I. P., and Laurendeau, N. M., Combust. Flame 129:120 (2002).

4 Meier, W., Prucker, S., Cao, M.H., Stricker, W., Combust. Sci. and Tech. 118:293 (1996).

5 Pfuderer, D. G., Neuber, A. A., Friichtel, G., Hassel, E. P., and Janicka, J., Combust. Flame 106:301 (1996).

6 Neuber, A., Krieger, G., Tacke, M., Hassel, E., and Janicka, J., Combust. Flame 113:198 (1998).

7 Renfro, M. W., King, G. B., and Laurendeau, N. M., Appl. Opt. 38:4596 (1999); Renfro, M. W., Gore, J. P, King,
G. B., and Laurendeau, N. M., 4144 J. 38:1230 (2000).
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simulations, the grid spanned 0.24 m in the radial direction and 0.40 m in the axial direction, cor-
responding to a maximum axial height of approximately 40 cm. The solver utilized a second-
order central scheme for convection and diffusion of momentum, and an explicit third-order
Runge Kutta scheme for time integration. A mixture fraction approach was utilized for all sca-
lars. The scalar diffusivity was computed using a second-order central scheme with a constant
turbulent Schmidt number of 0.45." An eddy viscosity turbulence model was employed for tur-
bulent transport of momentum and scalars. The Smagorinsky model® was used to compute the
turbulent viscosity. In each filtered cell, the chemical state was computed using the filtered
mixture fraction and an assumed sub-grid Beta-PDF distribution. For the PDF, the scalar dissi-
pation was assumed to be constant on the sub-grid scale. Flamelet state relationships were then
applied to this PDF.’

For each LES, a development period was required to converge from the initial conditions to
statistically stationary turbulence. For the H3 flame, the 200,000 time steps spanned a period of
~0.25 s. Time series for further analysis were extracted from the entire LES. The simulated time
series of filtered OH mass fraction and density were used point-by-point to create a time-series
of OH mole fraction for direct comparison to the PITLIF measurements. The LES time series
had uneven step sizes necessary to resolve the fastest velocities in the simulation, but were al-
ways around 2 ps. The simulated OH time series were re-sampled with a fixed sampling rate of
100 kHz by linearly interpolating OH values every 10 ps. This even-step time series was then
processed using the same procedure as used for the measured time series.

A representative time series measurement at the peak radial location for x/D=10 is shown in
Fig. 1. The trace represents the first 10 ms of data collected and visually demonstrates fluctua-
tions in [OH] fluorescence as the [OH] layer fluctuates with respect to the fixed laser beam. Fig-
ure 1 also shows the OH time series at nearly the same location from LES. The measured and
simulated time series are visually similar with high levels of intermittency and similar structures
in the fluctuations. However, some differences in the shapes of the OH bursts in the time series
are apparent, and the noise level in the two se-
ries are evidently different.

Autocorrelation functions at the jet center- 10?
line for 11 different axial locations were deter- 10! -
mined from the time series in the range x/D=20 igi:
to x/D=40. The autocorrelation functions were . 4.]
then normalized using their respective integral & 1031
time scales. The collapse proved to be excel- & 104
lent, as expected along the jet centerline, where 10°1
the average velocities are high and the influ- 10:'
ence of the shear layer is minimal. Similarly, :8*‘ . ' ,
PSDs at these same locations demonstrate 103 102 10! 10° 10! 102
equally good collapse, thus verifying the ex- Frequency X 7,

pec-ted self-smlm behawor_along the jet cen- Fig. 2: Comparison of measured and simulated PSDs
terline. Predicted PSDs derived from LES are 40, normatization for OH in flame H3.

compared to measured PSDs for OH mole

fraction in Fig. 2. As with the measurements, good collapse occurs along the centerline; thus,
both measurements and LES show that the distribution of OH fluctuations is the same from one
point in the flow to another. Therefore, the variation in fluctuation rates can be described by a
single integral time scale.

® Smagorinsky, J. S., Monthly Weather Rev. 91:99 (1963).
® Chen, J.-Y., Personal Communication (2002).
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Figure 3 shows measured integral time 25
scales as a function of radial location (r/x) for
three different axial heights. For these
heights, the time scales range from 0.7 to 2.1
ms. The integral time scales at peak [OH] lo-
cations for x/D=20 and x/D=30 arc almost

201, ",

1.5

Integral Time Scale (ms)

1.0
equal and that for x/D=40 is almost twice as =7 oo
large. The OH time scales in an H,/CH4/N, 05 M
flame were previously observed to be constant 00 , e
within the jet; i.e., below the flame tip and on 000 002 004 006 008 010 012
the fuel side of the reaction layer.” The same T/x

trend is observed here for x/D=20 and Figure 3: Comparison of measured and predicted
x/D=30, where the integral time scales on the time scales versus radial position. The LES time
fuel side are nearly constant until the peak QH  $¢2/¢S have been increased by a constant factor of 2-

. ) ) ] to facilitate comparison of the radial profile shapes.
location and increase rapidly towards the air-
side into the mixing layer. At x/D=40, the peak OH concentration occurs at the centerline past
the flame tip, which has previously not been examined by PITLIF measurements.

Figure 4 shows integral time scales from both PITLIF and LES as a function of axial height
along the jet centerline. The measured 7; values range from 0.8 to 1.7 ms and dip to a minimum
value at x/D = 34. This axial location corresponds to the peak in mean [OH] concentration. The
time scales, 7, are nearly constant in the x/D = 20 to 25 range, decrease somewhat until x/D =
34, and then increase rapidly to significantly higher values farther downstream of the flame tip.
In the simulation, the time scales also increase substantially above the flame tip, as compared to
simulated values below the flame tip. However, the simulations do not show a local minimum.
Furthermore, as for the radial measurements of

Fig. 3, the LES predictions for integral time o Measured time scale
scale are often about a factor of two-three be- 13 1] P Lo (0 20
low their measured values. 16y [T LEStme scle ’

The measured minimum at x/D=34 is similar
to the trend observed in the 7 radial profiles. In
particular, we have demonstrated that the peak
[OH] location results in a local reduction in the
integral time scale for OH owing to its narrow
distribution in mixture fraction space.!® Essen-
tially, small mixture fraction fluctuations that
cross the stoichiometric value sample both Figure 4: Comparison of measured and LES-
sides of the OH profile. Hence, a small sinu- predicted mean [OH] and [OH] time scales along the
soidal fluctuation in Z can become a large #13flame centerline.
fluctuation with twice the frequency for OH. However, LES does not appear to capture this sub-
tle feature of the PITLIF measurements as the simulated time scales grow monotonically with
increasing radial or axial position.

The most significant disagreement between the simulated and measured time scales is in their
quantitative values. In general, LES is predicting fluctuations that are too fast. Even if im-
provements in predicted time scales do not impact important parameters such as mean concen-
tration, it is still important to optimize the predicted time scales. For example, LES for a gas tur-
bine combustor may be used to assess the effect of design changes on the pattern factor and on
spatial and temporal scales for temperature fluctuations entering the turbine. These parameters

Integral time scale (ms)
[OH] (10® moVem3)

1 Renfro, M. W., Gore J. P., and Laurendeau, N. M., Combust. Flame 129:120 (2002).
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describing the thermal field are important in predicting convective heat transfer to the leading
turbine blades and in identifying secondary flow losses'.

" Hermanson, K. S. and Thole, K. A., J. Turbomachinery 124:623 (2002).
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Aerospace Propulsion Division (PRA)
Propulsion Directorate
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Wright-Patterson AFB OH 45433

SUMMARY/OVERVIEW

This research task includes work in three primary focus areas: (1) multiphase flows relevant to
fuel injection into high-speed, oxidizing streams, (2) shock-boundary interactions within the
scramjet flowpath, and (3) multidisciplinary laser measurements for benchmarking modeling and
simulation and for elucidating the physics of high-speed flows. Within each of these areas, there
is a strong relevance to the scramjet propulsion system, and that relationship helps frame the con-
text of our research. Aeration has been studied as a means of improving atomization (and pene-
tration) of the liquid JP-7 during the “cold-start” process; though this approach shows much
merit, understanding of the physics of the breakup process is still lacking. Shock-boundary in-
teractions are important for their influence cavity-flameholder stability, and ongoing studies are
enabling improved (i.e., robust) fueling schemes. Finally, laser diagnostics provides the means
for non-intrusively studying the injection process and cavity flameholding and for determining
scramjet engine performance.

TECHNICAL DISCUSSION

Areas of focus in the past year have included the following:

1) Study of two-phase, aerated injection of a fuel into a high-speed crossflow. The purpose here
is to simulate injection of the cold JP-7 into a Mach-2 crossflow during the “cold-start” phase
of the Scramjet flight envelope. (The other part of the “cold-start” problem is ignition, and
for this part the efficacy of plasmas is being investigated.) To quantify the role of aeration on
the atomization and penetration of the aerated jet, a phase-Doppler particle analyzer (PDPA)
has been employed.

2) Study of the injection of supercritical fuels into a quiescent, subcritical environment. For this
study the cracked JP-7 is simulated with a mixture of ethylene and methane.

3) Investigation of cavity flameholding, particularly the range of fueling for which the cavity
flame remains lit and the stability as the combustor transitions from supersonic (before main-
duct ignition) to subsonic flow (after ignition).

4) Development/Application of laser diagnostic techniques for use in scramjet testing. Ad-
vanced techniques that are being employed include the following: a) tunable diode laser ab-
sorption for measurements of water vapor concentration and temperature in a direct-connect
scramjet engine (with R. Hanson and J. Jeffries, Stanford Univ.); b) single-shot holography
(with G. Faith and K. Sallam, Univ. of Michigan) to investigate the breakup of an aerated
spray in a Mach-2 crossflow; c) stereo particle image velocimetry in the cavity shear-layer
region; d) planar laser-induced fluorescence (PLIF) of the OH radical within the cavity
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flameholder to determine how the flame stabilizes vis-a-vis the supersonic-subsonic mode

transition.

Regarding the cavity, it is a pervasive feature of
scramjet combustion piloting. Its function is to cap-
ture a small portion of the high-speed core flow and
establish a stable combustible mixture that provides
heat and radicals to hold the core-flow flame. Ideally,
it would perform this function insulated from the fluc-
tuations of the core (flow and pressure), interacting
with the shock system like a locally thick boundary
layer. Unfortunately, it does not. Expansion fans and
shocks dominate the mass exchange between cavity
and core flow, and local stoichiometry varies widely
in all three spatial dimensions and in time. Conse-
quently, the cavity as a flameholder has been a par-
ticular point of emphasis. Our study of it has been
focused on the means to improve stability for a wide
range of fueling rates and/or entrainment rates and as
the combustor flow changes from supersonic to sub-
sonic. Of course, the relevance here is that when the
combustor ignites, say at a flight Mach number of 4.5,
the core flow transitions from supersonic with a Mach
number of about 2 to high subsonic; furthermore, the

M-2 ——>

Fig. 1. Shadowgraph of flow over a cavity.
Top: baseline case of Mach-2 core flow. Bot-
tom: backpressure case simulating effects of
combustion heat release.
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Fig. 2. Fuel distribution within cavity—
along the central span—for the case of
passive, upstream fueling.

cavity shear layer lifts, as shown in Fig. 1, and the en-
trainment rate changes. As a consequence of this mode
change, air entrainment into the cavity changes dra-
matically with the potential result that the cavity flame
is blown out; of course, once the cavity flame blows
out, the primary flame of the combustor will also blow
out. This indeed has been observed in our direct-
connect scramjet facility.

To simulate this mode transition (induced by combus-
tion heat release) within our “nonreacting” (Test Cell
19) supersonic flow facility, a valve downstream of the
test section is used; different levels of heat release can
thus be simulated simply by opening or closing this
valve. The valve position was “calibrated” by compar-
ing the wall static pressure, in relation to the cavity lo-
cation, to those recorded in the flowpath of our direct-
connect scramjet facility. At increasing levels of heat
release (or valve blockage) the shock system is pushed
forward and peak pressures approach normal shock
pressure rise. The results of one of these tests are
shown in Fig. 1. Here, two shadowgraph images reveal
the flow structure around the cavity before backpressur-

ing of the duct-cavity flow and after backpressuring (again, to simulate the effect of main-duct
combustion). Note that the shock system that is anchored on the lip of the cavity with backpres-

suring is very unstable (the shadowgraph exposure was 200 ps to “freeze” the flow); further-
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more, as noted above, the shear layer lifts upward, influencing cavity entrainment. The influence
of backpressuring on the fuel distribution is also shown in Fig. 2. Here, spontaneous line-wise
Raman scattering (of the injectant, ethylene, and nitrogen, representing air), allowed us to deduce
equivalence ratio along the line of the laser beam (produced from a Coherent Verdi cw laser).
This figure shows that as the duct is backpressured—creating subsonic core flow—the cavity
equivalence ratio changes dramatically, in fact becoming much more uniform with backpressur-
ing. Clearly, this sort of change in cavity stolichiometry does not make for a stable situation,
leading us to the conclusion that a more actively controlled approach to cavity fueling is required
rather than the reliance on passive entrainment of fuel and air across the separated shear layer.
More recent efforts where fuel is directly injected into the cavity are showing significant promise
for improved combustion stability.

In an effort to study the uniformity
of the cavity flame under the influ-
ence of main-duct pressure and
various fueling configurations, a
planar laser-induced fluorescence
system for detecting OH was set
up. Here an Nd:YAG-pumped dye
laser (Lumonics Hyperdye 300)
was tuned to the Q;(8) transition of
the A’Z'—X7IT (1,0) band of OH,
while single-shot fluorescence im-
ages were recorded with an intensi-
fied CCD camera. A sample half-
span, single-shot image is shown in
Fig. 3; here the cavity was fueled
independently through ports just
downstream of the cavity leading
edge (as shown in the top image of
Fig. 1). This image shows considerable non-uniformity in the instantaneous OH distribution,
though, of course, the frame-averaged result is much more uniform. Still, these images show '
that the cavity flame is very dynamic. Incidentally,

this fueling configuration is less than ideal as well. 50] 10scanaverage
With the combustor mode change, a substantial
amount of the fuel penetrates beyond the cavity, 251
again influencing the cavity flame stability. ]

Fig. 3. Instantaneous spanwise image of OH distribution with
cavity flame. The cavity outline is indicated by the white line.

| ——1392 nm laser |

2.0
As noted above, advanced laser diagnostic methods
have been applied and in some cases developed to ]
study high-speed flows. In particular, a collaboration 1.04
was begun with Prof. R. Hanson and Dr. J. Jeffries of 1
Stanford University to develop tunable diode laser
absorption sensors for our scramjet test facility. Our 0.0-
primary goals have been to 1) advance the state of
the art in diode laser techniques (making them more
robust, especially in relation to scramjet testing and ~ Fig. 4. 10-scan average of transmission for
possible control) and 2) evaluate combustor per- diode laser operating at 1392 nm; the laser
formance in a spatially resolved manner. This latter m:;g with ones Operzung mear 1335 and

nm, were scanned at 1 kHz. The ab-
goal was motivated by CFD simulations showing a sorption feature is from water vapor.
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distinct height-wise variation in combustion products and temperature, resulting from poor com-
bustion of fuel on the combustor wall opposite the cavity. To probe across the combustor height,
a traversing system was designed and implemented such that laser transmitting and receiving op-
tics could be translated in the vertical dimension of the combustor (while the laser probe spatially
integrates the result across the spanwise combustor dimension). Initial measurements, however,
were constrained to a single traverse, owing to the need to eliminate etaloning effects (by angling
of the probe beams downward across the engine). A sample scan from a multiplexed, fiber-
coupled sensor (with the combustor operating at an equivalence ratio of 1) is shown in Fig. 4.
More recently, the downstream window-port has been redesigned to allow a wedged window to
be used; this will eliminate the etalon formed by surface reflection from the window (and there-
fore permit height-wise probing of the combustor). Nonetheless, our initial measurements have
been promising, and they have allowed our Stanford collaborators the opportunity to test differ-
ent water-vapor absorption schemes.

A similar collaborative effort, this one with
Prof. G. Faith and Dr. Khaled Sallam of the
University of Michigan, involves the appli-
cation of pulsed holography to study the
near-field breakup of the aerated jet in the
Mach-2 crossflow. Sample holograms—
ones that show the strong influence of aera-
tion on the jet breakup—are displayed in
Fig. 5. In our initial effort, two small
Nd:YAG lasers (Continuum Surelite lasers)
were employed. Though only a single laser
is needed for holography, two were used in
this initial experiment so that jet and drop-
let velocities could also be obtained
through double-exposure shadowgraphy.
Unfortunately, due to the limited coherence
Fig. 5. Near-field holograms for pure liquid spray length, ~1 cm, of the normal Q-switched
(left) and spray with 2% (by mass) gas loading (right). Nd:YAG, the quality of the holograms was
modest, at best (since the reference and ob-
Ject path lengths must be matched roughly within the coherence length). More recently, though,
an injection-seeded Nd:YAG laser has been used. The role of seed laser is to induce the
Nd:YAG to produce laser light at a single longitudinal mode (one that matches the frequency of
the seed laser); with proper seeding the Nd:YAG laser pulse is coherent over its entire length,
and the holograms that result are of a very high quality. To make this scheme feasible, however,
requires that the laser be run continuously (so that the seeding control electronics function prop-
erly). Asa consequence it was necessary to use a shutter capable of 1) shuttering around a single
laser pulse and 2) reflecting/absorbing the high-powered'laser pulse. Control of the laser firing
and shutter opening was accomplished with the Quantum Composer delay generator. An initial
result from this research is that the near-field mean droplet size is not strongly dependent upon
the gas-loading ratio.

Acknowledgements:
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Summary/Overview

This research focuses on fundamental investigations of mixing, chemical-reaction, and
combustion, in turbulent, subsonic, and supersonic flows, in support of high-speed air-breathing
propulsion applications. It is comprised of an experimental effort; an analytical, modeling, and
computational effort; and a diagnostics- and instrumentation-development effort.

Technical discussion

Previous work on scramjet-type internal flows focused on mass-injection and heat-release effects
on subsonic flows over a perforated ramp. Preliminary estimates of mixing at subsonic
freestream speeds, based on a model by Dimotakis (1991, Eq. 23), have yielded mixed-fluid
fractions in the shear-layer adjacent to the wall, roughly, 40% higher than for free shear layers.
The higher value illustrates the benefits of the recirculation zone behind the ramp injector on
mixing. Recent experiments focused on flows at transonic incoming freestream Mach numbers.
Figure 1 is a schlieren visualization of this regime. Expanding slightly over the injection ramp,
the incoming flow accelerates from M= 1.02 to M = 1.05. Further downstream is a secondary
mixing zone where injected fluid mixes with low-speed recirculation fluid. Flameholding
benefits are expected from the lower strain rates encountered there, relative to the primary shear-
layer above, for hydrocarbon-air and hydrogen-air scramjet combustion. Upper-guidewall
- pressure measurements are in accord with Mach numbers estimated from the flow-visualization
data. Additional increases in inflow Mach number and improvements in diagnostics are in
progress at this writing. This research is part of the Ph.D. work of M. Johnson.

Fig. 1. Supersonic flow with ramp injection. Incoming (top stream) Mach number, M; = 1.02.
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Flame stability and flameholding investigations, motivated by scramjet issues, are also in
progress. In particular, experiments are continuing on laminar-flame properties of premixed
methane-, ethane-, and ethylene-air mixtures, at atmospheric pressure, over a range of
equivalence ratios, @, with a present focus on extinction strain rates against low-temperature
walls; important for cold-wall quenching of hydrocarbon flames. The experiments utilize a
stagnation-flow configuration, similar to counterflow flames, introduced by Law and coworkers
(Wu & Law 1984, Law 1988, and Zhu ef al. 1988), and rely on digital imaging of flame
chemiluminescence, extensions to particle-streak velocimetry (PSV) for flow-field
measurements, and independent jet-exit velocity measurements. Planar Laser Induced
Fluorescence (PLIF) measurements of the reaction zone marking CH’ radical are implemented at
this writing. Such data are useful in assessing and validating chemical kinetics mechanisms
when simulated numerically with full chemistry and species transport models.
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Fig. 2. (a) Centerline axial velocity profile experimental results, Re = 700. (b) Comparison of
error-function fit to experimental data, Re = 1400.

A 1D model of an axisymmetric impinging jet flow is widely used in modeling laminar flames.
Its reduced dimensionality allows full chemistry and species transport to be implemented without
excessive computational cost. The model was extended to account for finite-diameter nozzle
effects (Kee ef al. 1988) for the study of laminar stagnation-flames. However, the 1D equations
do not accurately describe a finite-diameter cold impinging jet at nozzle-plate separation distance
ratios of 1, or greater. As these arc the nozzle-plate separation ratios studied in this work, a
detailed study of the impinging laminar jet is in progress. While this flow appears simple and is
regarded as well documented, some new elements have emerged. For cold-flow impinging jets,
the axial velocity profile along the jet centerline was found to be independent of the nozzle-
stagnation plate separation distance, when scaled by the Bernoulli velocity, Us, where,
Ug’=2 Ap /[ p (1-(ro/ry )4], with Ap the pressure drop across the nozzle, p the density, and r, and
r1 the radii of the nozzle exit and inlet, respectively. At flow velocities encountered in stagnation
flames, Ap is of order 10°® bar and direct measurements require some care.

Figure 2a depicts the axial velocity profile of a Re = 700 impinging jet, for three nozzle-plate
separation distances. Collapsed velocity profiles are well characterized by a similarity
expression (Kostiuk et al. 1993), u(x) = Ug erfla. (x-dw) / d ], where u(x) is the axial velocity, o is
a strain-rate parameter, x is the wall-normal distance, 5, a wall-displacement offset owing to the
viscous boundary layer, and d the nozzle diameter. Only a few of these parameters are
independent. A cold-flow profile is specified by Us alone. An example of the single-parameter
fit is in Fig. 2b. This will be exploited in simulating experiments in terms of an approximate 1D
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simulation. This research is part of the Ph.D. thesis work of J. Bergthorson and is performed in
collaboration with D. Goodwin.

Accompanying 1D simulations rely on a simulation package for reacting flows dubbed Cantera
(Goodwin 2003). Cantera is characterized by improved computational efficiency, relative to
other flame models currently in use, and can accommodate user-defined chemical-kinetics
mechanisms, mixture-averaged or full-kinetic-detail transport models. It also calculates reaction-
pathway diagrams at each location in the flame, allowing local details of the chemical kinetics to
be investigated. Sample results for a methane-air flame using Cantera are given in Fig. 3.
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Fig. 3. Species profiles for components of interest in a methane-air flame (® = 0.9). 1D
numerical simulation using the Cantera software package.

In addition to the 1D simulations, work is continuing on the development of 2D axisymmetric
viscous simulations of stagnation flames, to complement the experimental effort. The code
utilizes a modification and extension of the PRISM spectral-element code (Henderson &
Karniadakis 1995), adapted for axisymmetric flow, and the accommodation of the complex
inflow/outflow boundary conditions of the experimental geometry.
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Fig. 4(a) Particle streak image detailing entrained flow with superimposed axisymmetric viscous
calculation (yellow lines). Re = 700, L/d = 1.0. (b) Comparison of calculated velocity profiles to
experimental data detailing Reynolds number effects.

Simulations of non-reacting impinging-jet flow were completed and compared with experimental
results. These simulations provide insight into the hydrodynamics of this flow. The unsteady
Navier-Stokes equations are integrated in time from a quiescent state until the solution attains a
steady-state flow condition. Figure 4a compares particle-streak-image data and streamlines from
the axisymmetric viscous simulations. Good qualitative agreement can be seen, even in the
entrainment region where velocities are low (< 0.02Us). Figure 4b compares the experimental
data with the axisymmetric viscous calculations at L/d = 1.4 for Re = 400, 700, and 1400. The
differences between experimental and numerical results for these three cases are less than
0.015 Us root-mean-squared (rms), indicating that the choice of boundary conditions in the
simulations is adequate. This research is part of the Ph.D. thesis work of K. Sone and is
performed in collaboration with D. Meiron.
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Mixing by Rayleigh-Taylor (RT) instability is of intrinsic interest in a variety of contexts,
including inertial-confinement fusion and supernovae. It is also dynamically significant because
density is an active scalar. Direct numerical simulations (DNS) of incompressible miscible RT
instability by Cook & Dimotakis (2001, 2002) have permitted the study of RT mixing without
the restriction of small Atwood numbers, 4 = (p2-p1)/(p2+p1), or of unphysical numerical
dissipation in simulations based on the Euler equations. Three simulations were completed,
differing only in the initial perturbation spectra. In particular, ka < ks < kc where ka, ks, and kc
denote the wavenumber of the peak amplitude in the spectrum for Cases A, B, and C,
respectively. Fig. 5a shows discrete approximations (32 bins) of PX(X;z/h), the probability density
function (pdf) of the heavy-fluid mole fraction, X, as a function of the scaled inhomogeneous
vertical coordinate, z/h. The origin of z is located at the mean position of the initial density
interface (midplane). The mixing-zone width is, # = g — hs, where (X)(hB) = 0.99 and (X)(hs) =
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0.01 and angled brackets denote plane averages. The flow time scale is ¢ = [L/Ag]m, where L is

the lateral dimension of the domain, 4 is the Atwood number, and g is the imposed acceleration.
Although the simulations evolve differently, the final state is characterized by a broad
composition range, with very little unmixed fluid able to penetrate the midplane. If the
entrainment ratio, E, is defined as the volume of heavy fluid per unit volume of light fluid that is
entrained into the mixing zone, then E = hp/hs. If all the entrained fluid is homogeneously
mixed, the mean composition is Xt = E/(E + 1). Fig. 4b shows the relationship between XE and
the actual mixed-fluid composition, XM, computed from px(X;z/h) (Koochesfahani & Dimotakis
1986). After the initial diffusive phase, XZ decreases to values less than 0.5. Xi follows similar
trends, showing that the composition of mixed fluid is affected by the asymmetric growth and
entrainment of the mixing zone. Asymmetric growth is a density-ratio effect, qualitatively
explained by the higher terminal velocity of a spike compared with a bubble at the same density
ratio (Youngs 1991, Ulon et al. 1995). This aspect of RT mixing cannot be captured by
experiments or simulations conducted in the Boussinesq (low Atwood number) limit. The
research on R-T mixing is part of the work by T. Mattner, in collaboration with A. Cook of
LLNL.

Several enhancements were made to the KFS Camera system outlined in last year’s report. One
is minimization of the KFS CCD sensor noise. Figure 6 plots results from noise measurements.
Binned values are for (2x2)-pixel binning to produce (512x512)-pixel images. The camera was
then evacuated and the KFS CCD sensor was cooled to —38°C. This further reduced the noise for
a 5 ms readout time to 25.8 e/pixel. A reduction of the temperature reduces the CCD amplifier
noise by the square- root of the absolute temperature and reduces CCD dark current
exponentially (approximately a factor of 2 for every 10°C). To date, the KFS system has been
used to record high framing-rate sequences of dynamic hydrocarbon-flame transitions and for
atmospheric-turbulence wavefront phase measurements at the Palomar 200” telescope.

Further reductions in noise would
exert significant leverage in the
ability to detect low light-level
signals. In the quest for lower noise
yet, development is proceeding on a
Hybrid Imaging Technology (HIT)
sensor. The HIT sensor mitigates
noise-bandwidth limitations in the
KFS CCD by bump-bonding 2
CMOS processors chips (designed
by G. Atlas of ImagerLabs) to the
100 & top & bottom of a CCD sensor
1 10 100 (designed by M. Wadsworth of
. JPL) using indium balls. Each
-readout time [ms] CMOS processor processes 128
5 channels from the CCD for a total
Fig. 6. 1024” imager noise performance of 256 channels. This should
further reduce noise by ~8"2,

A new camera head is being designed and fabricated to accommodate the new HIT sensor as
well as the current KFS sensor. The new camera head moves the shutter and power supply
electronics outside of the evacuated enclosure to minimize CCD contamination problems. G.
Katzenstein is designing the camera housing while D. Lang is designing the electronics. The
new camera head is nearly complete and testing is expected to begin in May. The final
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enhancement to the camera system is the development of a high-speed data link from the A/D
converter boards to a disk-array.

Currently, the number of continuous frames acquired is limited by the amount of memory on the
A/D converter boards (512 MB/board, for a total of 4 GB). This is sufficient for ~2700 frames
(1024x1024x12-bits) without compression, or, approximately, 4000 to 8000 frames with lossless
compression. Each A/D converter board has a high-speed auxiliary interface and D. Lang is
designing an interface to a high-speed (128 MB/s) fiber-optic link (S-Link, developed at CERN).
The S-Link will connect each of the 8 A/D converter boards to a disk storage array system
(23TB total). The aggregate bandwidth will be 1 GB/s. This will allow recording of over 10°
continuous frames at data rates of over 500 fps. This will permit 3D measurements and 3D
measurements vs. time to be acquired in moderate to high Reynolds number turbulent flows.
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SUMMARY/OVERVIEW:

An experimental program for the study of the ignition chemistry of JP-8 and its surrogates at
high pressures began on June 1. The purpose of this project is to map the effects of chemical
variations on the oxidation behavior of JP-8, and to participate in the development of an
acceptable surrogate that matches the general behavior of JP-8. In this JP-8 mapping and
surrogate development effort, selected JP-8’s, distillate fuels, and neat distillate fuel components
will be examined to develop comparative kinetic and mechanistic information in the low and
intermediate temperature ranges (600 — 1000 K) and at elevated pressures (up to 20 atm).
Similarly, the various proposed JP-8 surrogates, components, and their mixtures will be
examined as well. These single and multiple component fuels will be oxidized in a pressurized
flow reactor and stable intermediate and product species will be identified and quantified using
permanent gas analyzers, gas chromatography, gas chromatography with mass spectrometry
(GC/MS), and on-line Fourier Transform Infrared Spectrometry (FT-IR) in order to provide key
mechanistic information. The experimental results will be used to develop appropriate detailed
and reduced kinetic models for the ignition and oxidation of these fuels. Ultimately, these low
and intermediate temperature experimental and modeling results will be coupled with the efforts
of other research groups to provide a comprehensive understanding of the oxidation and
combustion behavior of JP-8 and its surrogates.

OVERVIEW OF RESEARCH PROGRAM:

Preignition Chemistry of JP-8’s

The first task of the research program examines the effects of fuel composition variations on
the preignition oxidation process for JP-8 at conditions encountered in practical combustion
devices. Several well-characterized samples of JP-8 from WPAFB and different refineries will
be acquired and additional characterization work will be conducted as required. Important
properties to be considered include: the relative fraction of each of the hydrocarbon functional
groups, cetane number, and sulfur content. Reactivity mapping and survey studies will be
conducted by exercising the flow reactor over a range of pressures (up to 20 atm), temperatures
(600 - 1000 K), equivalence ratios, and diluent concentrations. During each experiment, a low
and intermediate temperature reactivity map will be generated using online CO/CO, gas
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analyzers. Analysis of these reactivity maps and the associated property data for each fuel
sample will help elucidate the effects of chemical composition on the low and intermediate
temperature chemistry of JP-8, and will help us select the specific fuels and conditions for more
detailed examination. If during the course of this program, behavior is observed which can be
explored more fully in our engine facilities, they will be used.

Development of a “Standard” JP-8 Surrogate

The second task involves participation in the development of a “standard” surrogate which
can mimic the general combustion behavior of JP-8. However, due to the wide variations in
cetane number, aromatic content, naphthene content, and percentage of other hydrocarbon
functional groups in JP-8, there is a need to assure that these surrogates and models reflect the
true nature of JP-8 and not just the specific sample of JP-8 used. During this task, the surrogates
developed by other researchers, our own 5-component surrogate, and new surrogates developed
from the knowledge gained from the first task will be examined in both the PFR facility and
engine facilities and compared to the “average” preignition chemistry of JP-8. This will define
the controlling factors and thus constraints on any surrogate if it is to adequately represent
preignition behavior. Coupling of these constraints with those identified by other researchers
who are examining other aspects of the combustion and emission behavior will lead to a
“standard” JP-8 surrogate. Achieving this goal will require inter-laboratory testing and
coordination, and several laboratories and researchers have indicated their willingness to
participate. Overall, the identification of a standard JP-8 surrogate will greatly simplify and
focus the experimental and modeling efforts.

Preignition Chemistry of Distillate Fuel Components and Their Mixtures

The third task of the research program examines the detailed prei gnition chemistry of key
distillate fuel components and their mixtures at conditions encountered in practical combustion
devices. The pressurized flow reactor will be operated at conditions of particular relevance
identified in the first task, in order to generate species evolution profiles and other detailed
experimental data. The initial studies will use the individual distillate fuel components of the
proposed surrogates as the fuel, followed by their mixtures. Permanent gases will be analyzed
online with continuous flow analyzers, and gas samples will be collected and stored in the heated
multi-loop sampling valve for subsequent offline species analysis. These experiments and data,
coupled with the appropriate analysis and kinetics modeling work, will help elucidate the effects
of pressure and fuel structure on the low and intermediate temperature oxidation mechanism.

Development of Chemical Kinetic Models

The fourth task of the research program involves the development of detailed and
reduced/skeletal chemical kinetic mechanisms and models which can simulate the experimental
results and which can serve as tools for predicting ignition and emission characteristics. One of
the primary goals of this study is to obtain mechanistic information and to gain insight into the
detailed oxidation process and how it is affected by physical conditions. This will be
accomplished by carefully selecting experimental conditions in order to isolate Important
features of the mechanism to be examined. By analyzing the intermediate and product species
distributions, reaction paths and the relative importance of different reaction paths can be
determined. Ultimately, the different experimental conditions employed will allow the
mechanism to be examined over a wide range of conditions. The mixture experiments will allow
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development of correlations relating fuel structure and composition to autoignition behavior as
well as providing a test for the detailed mechanisms.
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ADVANCED SUPERCRITICAL FUELS
\ LRIR 93PR02COR

Principal Investigators: Tim Edwards, Chris Bunker, Tom Jackson
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SUMMARY/OVERVIEW:

Increases in aircraft and engine performance are increasing the heat load being transferred into
an aircraft's primary coolant--the fuel. This research is aimed at understanding the limitations of
operation of fuel heated to 480 C (900 F) and beyond. Important issues are expected to be
thermal stability, injection/combustion properties, and fuel characterization.

TECHNICAL DISCUSSION

Thermal Stability

Moving beyond the increases in thermal stability provided by the detergent/dispersant
additives in JP-8+100 requires a better understanding of high temperature fuel oxidation and
deposition processes. Attempts to interrupt the fuel auto-oxidation chain using hydroperoxide
decomposers have been relatively unsuccessful [1]. Fuel system surface modifications have
shown significant promise [2,3]. Fuel deoxygenation, although somewhat of a “brute force”
approach, also contributes to deposition reduction. The use of the +100 additive, fuel
deoxygenation, and surface coatings have enabled the increase of thermal stability in a “run-of-
the-mill” JP-8 to the point that it was demonstrated to be better than JP-7 in a flowing 200 hr test
at fuel temperatures of 700 F. Modeling efforts have shown good agreement with fuel oxidation
profiles [2]; more work remains to adequately simulate deposition. One key challenge is the
representation of the trace species responsible for fuel thermal stability — how does one
approximate the “average” or “typical” fuel for purposes of predicting fuel system component
life? Earlier models have used total fuel sulfur as the correlating parameter — it is known that
this is inadequate due to the varying reactivity of the various types of sulfur (not to mention the
neglect of other heteroatomic species). An alternative approach is to look at fuel polar species as
a class to determine if this might be a better indicator of fuel thermal stability [4]. This work is
ongoing and appears promising, but several “outlier” fuels have been identified — fuels with high
concentration of polar heteroatomic species but not the correspondingly-low thermal stability.

Above 900 F, thermal degradation of the bulk fuel leads to “endothermic” fuels. Current
empirical models of endothermic fuel behavior do not take into account the change in fuel
composition and properties that occurs with the cracking of the bulk fuel. A recent effort has
corrected that problem for “mild” cracking [5]. Joint work with Tom Jackson on supercritical
injection of high temperature fuel simulants for scramjet applications is reported in his abstract
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for this meeting. A similar study for gas turbine conditions has been reported [6]. Judy
Wornat’s AFOSR work identifying the formation of large aromatics species as precursors to
deposits indicates the path coking models for endothermic fuels need to take to model pyrolytic
deposition.

Fuel-Quality Diagnostics [7-10]

Efforts continue to develop chemical sensors capable of predicting fuel properties and
fuel quality (in addition to the polar species diagnostics discussed above). Lab-scale
measurements using fast-Gas Chromatography (fast-GC) coupled with empirical analysis to
predict flash point, freeze point, and simulated distillation range are being transitioned to the
field in collaboration with the AFPET (Air Force Petroleum Office) (Figures 3 and 4). Data
obtained in the field will be fed back to AFRL to further enhance the empirical models and
support development of chemometric-based models. Application of chemometrics to near-
infrared data obtained for over 200 individual aviation fuels has also demonstrated the ability to
predict flash point; however, the accuracy is currently below that of fast-GC. Near-IR offers
potential long-term advantages over fast-GC due to its simple design, rapid scanning capabilities,
and existence of field-level instruments. Further efforts to optimize the experimental method and
improve prediction accuracy are underway.

Significant advances in the development of novel-semiconductor materials have been
made. The materials are important due to their strong sensitivity to (i.e.; the electronic and
optical properties can be modified by absorption of) hetero-atomic species known to be present
in aviation fuel and responsible for poor thermal stability. Cadmium sulfide (CdS) particles with
diameters on the order of 5 nm have been synthesized using a solution-based reverse-micelle
procedure. The particles are then “processed” first by photolysis, then by a combined heat and
vacuum treatment. The result is highly luminescent nanoparticles with quantum efficiencies on
the order of 35% and spectral properties characteristic of trap states. Efforts to determine the
chemical reactivity of the CdS nanoparticles with model hetero-atomic compounds are
underway. Steady state and time-resolved luminescent quenching studies indicate strong
interactions (Figure 5). Further work will focus on membrane technology to provide selectivity
for specific chemical functionality and on-chip fabrication (MEMs devices) (Figure 6). Work in
the area of biosensors is also continuing.

Novel Fuel Additives

As described above, research is underway to develop additive technologies that are
compatible with the thermal stability requirements of a JP-900 fuel (working temperature limit of
900 F). Current methodologies used to achieve JP-8+100 and under investigation for JP-8+225
(working temperature limits of 425 and 550 F, respectively) are thought to be inadequate for
attainment of JP-900 goals. It is recognized that oxygen removal is the easiest way to achieve a
JP-900 capable fuel. We are currently working on a novel application of nanotechnology—
highly reactive core-shell nanoparticles—to deoxygenate fuel by chemical means. The
advantages of nanotechnology are 1) nanoparticles posses very small sizes and thus very large
surface areas, 2) nanoscale materials can be transported anywhere in an aircraft fuel system and
not present difficulties with respect to filter plugging, and 3) nanoparticles can easily be made
soluble in the non-polar environment of aviation fuel, thus making available a much larger area
of chemistry to explore (e.g., inorganic and organometallic compounds). Initial work on a first-
generation JP-900 candidate has demonstrated temperature-activated reactivity (Figure 7) and
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rapid deoxygenating with significantly reduce deposition levels (Figure 8). Future work will
focus on testing the first candidate at 900 F, further development of environment triggered shell
technology, and continued exploration of materials as the reactive core.
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SUMMARY/OVERVIEW

The main goal of this research is to provide fundamental data on the dynamic behavior of laminar
flames for a wide range of conditions. The parameters that are considered include the fuel type,
equivalence ratio, flame temperature, pressure, and combustion mode. The experimental data
constitute a basis for partially validating the combustion chemistry of a large number of fuels
ranging from hydrogen to gaseous and liquid hydrocarbons and alcohols. The understanding of
the oxidation kinetics of such fuels is of immediate interest to the design of advanced air-breathing
propulsion devices. Emphasis is given to kinetics regimes that have not been systematically
probed in past flame studies and/or in which current knowledge of combustion chemistry appears
to be inadequate. During the reporting period progress was made in the following: (1) Premixed
flame extinction of lean and ultra-lean Hy/air flames. (2) Premixed flame extinction of mixtures of
liquid CH;0H, C,H;0H, n-C;H;, and iso-CgH,s fuels with air. (3) Non-premixed ignition of H;
and gaseous hydrocarbons. (4) Premixed ignition of liquid CH;0H, C,HsOH, n-C;H e, and iso-
CgH,s fuels. In all studies deficiencies of current state of the art chemical kinetics models were
identified. Preliminary results suggest that revisions of the transport coefficients formulation can
also have noticeable effects on the predictions of fundamental flame properties, especially for the
highly diffusive H, flames. ‘

TECHNICAL DISCUSSION

The studies include both experiments and detailed numerical simulations. The experiments are
conducted in the opposed jet configuration that allows for the systematic determination of the
fluid mechanics effects on flames and can be also modeled directly along its stagnation streamline.
The experiments are performed in a variable pressure chamber. The reported measurements have
been performed at p = I atm through the use of a Digital Particle Image Velocimetry (DPIV)
technique [1] and thermocouples. Raman and Rayleigh spectroscopy are about to be
implemented for the non-intrusive sampling of temperature and species concentrations. The
numerical simulations are performed through the use of a CHEMKIN-based counterflow code
[2]. Several chemical kinetics schemes have been tested. Furthermore, a revised molecular
transport subroutine library [3] has been tested for Hy/air flames.
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1. Premixed Flame Extinction of Lean and Ultra-Lean H VAir Mixtures

The oxidation kinetics of H, were tested under fuel-lean conditions for which the presence of
thermo-diffusional instabilities does not allow for the determination of laminar flame speeds.
Under such conditions the flame temperatures are well below those encountered in hydrocarbon
flames, and such temperatures are of relevance to the process of ignition. The extinction strain
rates, K,,,, were determined and used to validate the kinetics, as it is known that both extinction
and propagation are controlled by similar chain mechanisms [4]. Note that the presence of
positive stretch suppresses the formation of cellular structures. Figure 1 depicts comparisons
between the experimental and predicted Kext's by using the GRI30 [5] and Mueller et al. [6]
H,/O, mechanisms. Both experiments and simulations were performed in the single-flame
configuration in which a mixture jet counterflows against an ambient temperature air-jet. It is of
interest to note that the agreements are not close and that there is a difference in the "slope" of
the results. Furthermore, it can be seen that while the predicted K,,,'s by the two mechanisms
"merge" at high temperatures they significantly deviate from each other at lower temperatures.
The GRI30 mechanism appears to underpredict the K ext's Of ultra-lean Hy/air flames by a factor
of two (!) at low temperatures. At high temperatures, both mechanisms appear to overpredict
the experimental K,,,'s by nearly 50%. The numerical simulations that are shown in Fig. 1 were
performed by using a large number of grid points, N. It was found that by varying N from 300 to
2000-3000, K,,, could increase by as much as 25% reaching asymptotically the values that are
reported in Fig. 1 as N—o. Furthermore, a revised by Prof. Wang's group transport library
subroutine [3] was tested for these flames and it was found that K, increases by approximately
10%; this work is in progress. While molecular transport has an effect on the results the
observed differences must be largely caused by deficiencies in kinetics. Figure 2 depicts
normalized sensitivity coefficients on K,,, for ultra-lean H,/air flames, obtained by
independently perturbing the pre-exponential factor of each reaction. The HO, chemistry
appears to have a noticeable effect on K,, and uncertainties associated with the
H+0,+*M—HO,+M may be responsible for the observed discrepancies. '
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2. Premixed Flame Extinction of Mixtures of Liquid Fuels with Air

The extinction of mixtures of practical liquid fuels with air was also studied in the single flame
configuration. The introduction of the liquid phase into the air under room temperature was
achieved through the use of an evaporator and a high-precision liquid pump. The liquid is
atomized into a stream of heated air and subsequently the temperature of the mixture is reduced
to ambient. The liquid fuel exists in the vapor phase as long as its partial pressure is maintained
below its vapor pressure at the prevailing ambient temperature. The liquid fuels that were tested
are CH;0H, C,HsOH, n-C;H,¢, and iso-CgHyg. The K,,,'s of mixtures of those fuels with air at
ambient temperature are shown in Fig. 3.
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It is of interest to note that the K,,'s of the alcohol fuels are noticeably higher than those of n-
C;H,7, and iso-CgH s, while there are minor differences between the measured K,,,'s of CH;OH
and C,Hs;OH flames. Furthermore, the n-C,H ¢ flames are more resistant to extinction comphred
to iso-CgH;s flames. These observations are important in terms of combustion stability.
Numerical simulations of the K,,,'s shown in Fig. 3 are in progress and the results that have been
obtained for CH;0H and iso-CgH,;5 flames are shown in Fig. 4. The mechanism of Curran and
coworkers [7] was used for the simulations of the CH;OH flames while the mechanism of Davis
and Law [8] was used for the iso-CgH;g flames. In both cases, the numerical simulations
noticeably underpredict the experimental K, values.

3. Non-Premixed Ignition of H, and Gaseous Hydrocarbons

A new approach has been developed for ignition studies in the counterflow configuration. It
includes the use of ultra-lean Hj/air flames as the ignition source. The hot excess air dominates
the composition of the post-flame products, while minor amounts of H,O are present. The
temperature of those products can be controlled by either varying the Hy/air equivalence ratio or
by adding small amounts of CO in cases in which higher ignition temperatures and low strain
rates are required. Alternatively, in cases in which ignition temperatures below 1100 K are
required a platinum screen is used at the burner exit to catalytically support H,/air flames at such
low temperatures. The temperature just downstream of the platinum screen is measured by a
thermocouple and is used as boundary condition in the numerical simulations. The use of the
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platinum screen is required for the ignition of H,, C;H,4, and C,H, while the use of Ho/air flames
at various equivalence ratios and with various amounts of added CO is required for the ignition of
saturated hydrocarbons. Premixed ignition is achieved by counter-flowing the hot products
against an air-jet in which the fuel is slowly added to the air stream. Non-premixed ignition is
achieved by counter-flowing the hot products against a N, jet in which the fuel is slowly added.
The non-premixed ignition of H,, CH,, C;Hg, C,H,, C,H,, and C;Hy has been studied. Figure 5
depicts the effect of H, and C,H, addition on the ignition of CH, for a global strain rate,
K, =44 5"\, These data were determined by using a ¢ = 0.30 Hj/air flame as the ignition source,
and by adding various amounts of H, and CH, in various mixtures of C,;HyN,. These results are
of relevance to the ignition response of the products of thermal cracking of endothermic fuels
[e.g. 4]. The ignition promotion caused by H, and C,H, is apparent. Preliminary numerical
studies have shown that no mechanism can predict the experimental results shown in Fig. 5.

- Adiabatic temperature, K
Nonpremixed CH, ignition over H, flame with the addition of
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Fig. 5. Non-premixed ignition of gaseous fuels Fig. 6. Premixed ignition of liquid fuels

4. Premixed Ignition of Liquid CH;0H, C,HsOH, n-C;H s, and iso-CsH 3 Fuels

The premixed ignition of practical liquid fuels has been also studied. Representative results are
shown in Fig. 6 and have been achieved by increasing the temperature of a ¢=0.256 H,/air flame
through CO addition. As expected, the higher is the temperature of the H,/CO/air flame the
lower is the ignition equivalence ratio of the test fuel. The greater ignition propensity of the
alcohol fuels as well as that of iso-CgH;3 compared to n-C;H¢ is noticeable. Numerical
simulations of these experiments are in progress.
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SUMMARY/OVERVIEW:

Turbulence generation and liquid breakup are being studied due to their relevance to the
dense combusting sprays found in propulsion systems. Turbulence generation is the main source
of turbulence in dense sprays; it consists of drop (particle) wake disturbances embedded in a
turbulent interwake region. Both regions involve unusual flows that have received little
attention in the past: the particle (drop) wakes are laminar-like turbulent wakes that are observed
for intermediate Reynolds number spheres in turbulent environments; the turbulent interwake
region consists of isotropic turbulence in the little-studied final decay period. Earlier work found
the properties of these flows for monodisperse particle (drop) flows; current work is considering
their properties for more practical polydisperse particle (drop) flows.

Secondary and primary liquid breakup are important because they are rate-controlling
processes of dense sprays and fix the initial conditions of dilute sprays. Earlier experiments at
large liquid/gas density ratios have shown that secondary drop breakup should be treated as a
rate process and have provided the temporal properties of secondary drop breakup needed for
this purpose; and have also shown that breakup of round nonturbulent liquid jets in crossflows is
remarkably similar to the secondary breakup of drops. Current time-dependent numerical
simulations are seeking drop breakup at small liquid/gas density ratios that are difficult to
address using experiments; in addition, current measurements are considering the breakup
properties of round nonturbulent liquid jets at large liquid/gas density ratios that are relevant to
most propulsion applications using this atomization process, in more detail than before. In both
cases, phenomenological analysis is being used to help interpret and correlate the results.

TECHNICAL DISCUSSION

TURBULENCE GENERATION. Early studies showed that turbulence generation by
particles (drops) involved particle wakes embedded in a turbulent interwake region
(Parthesarathy and Faeth 1990a,b; Mizukami et al. 1992). Wu and Faeth (1993,1994,1995)
subsequently showed that the wakes behaved like laminar wakes but with fast mixing due to the
presence of turbulence (commonly referred to as “laminar-like turbulent wakes”). Subsequently,
Chen et al. (2000) and Chen and Faeth (2000,2001) considering monodisperse particle flows,
showed that the turbulent interwake region consisted of isotropic turbulence in the rarely
observed final-decay period defined by Batchelor and Townsend (1948). The current work of
Lee et al. (2003) seeks to extend these observations to the turbulent interwake region of more
practical polydisperse particle flows, using wake-discriminating laser velocimetry.

Chen and Faeth (2001) developed an analogy between grid-generated isotropic
turbulence and particle-generated isotropic turbulence, when both were in the final-decay period.
This yielded a very useful correlation between relative turbulence intensities in the streamwise
and cross-stream directions, (u’'and v’ )/Up, where U, is the mean streamwise velocity of the
particles relative to the gas, and the dimensionless rate of dissipation of mechanical energy of the
particles, D. During the present investigation, mixing rules were developed to extend these ideas
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to polydisperse particle flows based in dissipation weighting of each particle size group. The
resulting correlation of the measurements is illustrated in Fig. 1 which exhibits a universal
correlation for both monodisperse and polydisperse sized particles according to the square root
of D, as suggested by the theory.

Other experiments completed during this report period involved wake-discriminating
measurements of energy spectra and characteristic length scales for the turbulent interwake
region of polydisperse particle flows. A remarkable feature of these results was the large range
of length scales observed (up to 1000:1) even though turbulence Reynolds numbers were small
(less than 4). Also, energy spectra decayed according to the —5/3 power of wave number just
like conventional turbulence in spitc of the unusual features of turbulence in the final-decay
period; this latter behavior was shown to follow via the classical Kolmogorov derivation (Hinze,
1975) due to the large range of length scales in the flow. Present results for the ratios of the
streamwise integral length scale, L., to the Taylor dissipation scale, A, are plotted as a function
of the turbulence Reynolds number, Re;, in Fig. 2. Results are shown for both conventional
isotropic turbulence in the initial-decay period along with present results in the final-decay
period. Surprisingly, L./A decreases with increasing Re;, for interwake turbulence in the final-
decay period, which is just opposite to the behavior of conventional turbulence. The interwake
region also involves rates of turbulence dissipation up to 1000 times larger than conventional
turbulence at comparable outer scales, accounting for past problems of turbulence models to
predict the properties of this region (Lee et al., 2003). F inally, current work is seeking to resolve
the structure of particle wakes in the final-decay period, in order to better understand the
properties of this unusual turbulent flow.

LIQUID BREAKUP. Past experimental studies have established the temporal properties
of secondary drop breakup (Chou and Faeth 1997; Chou et al. 1997; Dai and Faeth 2001; Faeth
1996; Hsiang and Faeth 1992,1993,1995) and have initiated studies of round nonturbulent liquid
jet breakup 1n crossflow (Mazallon et al. 1999), both at large liquid/gas density ratios. Current
work is considering secondary drop breakup at small liquid/gas density ratios as well as
extending earlier studies of the primary breakup of nonturbulent liquid jets in crossflow at large
liquid/gas density ratios.

Liquid drop breakup at small liquid/gas density ratios is being considered using time-
dependent numerical simulations to reach conditions that are difficult to address by experiments.
It was found that the traditional Hinze (1955) breakup regime plot was not convenient for
treating the large viscous forces typical of high?ressure drop breakup; a better approach was to
plot the ratio of drag/viscous forces, We' “/Oh, as a function of the ratio of surface-
tension/viscous forces, 1/0h. These results are illustrated in Fig. 3; this approach yields an
excellent correlation of existing measurements and demonstrates that effects of Reynolds number
and liquid/gas density ratio on these properties are small providing a way to address the high-
pressure sprays encountered in practical propulsion systems, see Aalburg et al. (20032) for more
details about this research.

Experimental results for nonturbulent liquid jets in crossflow were obtained using shock
tube and wind tunnel tests. A surprising feature of these results is that breakup of liquid jets in
crossflow yields a breakup regime map very similar to the classical Hinze (1955) map for the
secondary breakup of drops, see Fig. 4. Other findings of these measurements include drop size
and velocity distributions after breakup, and rates of liquid breakup, as a function of position
along the liquid jet as well as measurements of the location of breakup of the liquid column as a
whole.  Phenomenological theories have been used to help interpret and correlate these
measurements, see Sallam et al. (2003) and Aalburg et al. (2003b), for a more complete
description of this research.

Current work involves additional pulsed holography measurements and numerical
simulations of both secondary drop breakup and primary breakup of nonturbulent liquid jets.
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ADVANCED STIMULATED SCATTERING MEASUREMENTS
IN SUPERCRITICAL FLUIDS
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SUMMARY/OVERVIEW

This project uses stimulated scattering (stimulated Rayleigh, Brillouin, and Raman
scattering) as a tool to investigate supercritical fluids. From the measurements, we can
determine thermal, compressional, and compositional properties of supercritical fuels in situ.
This research effort addresses the need for new diagnostics in the study of the supercritical and
near-critical regimes, where low-pressure diagnostics do not work well.

TECHNICAL DISCUSSION
Objectives

The objectives of this research are to develop stimulated scattering as a diagnostic for
supercritical fluids, and use this technique to improve our understanding of fluids in the
supercritical state. »

The study of supercritical fluids and flows requires new diagnostic techniques. Currently
available techniques such as laser-induced fluorescence (LIF) and coherent anti-Stokes Raman
scattering (CARS) are complicated by increased molecular interactions, leading to stronger
quenching, larger absorption and refractive index, and incomplete understanding of the influence
of local conditions on spectroscopic parameters such as linewidths, nonresonant background
contributions, and quenching rates. We believe that stimulated scattering techniques hold great
promise for studying supercritical fluids.

Stimulated Scattering

Rayleigh, Brillouin, and Raman scattering occur commonly as spontaneous scattering.
Rayleigh scattering results from refractive index variations due to thermal waves or diffusive
density fluctuations and compositional fluctuations. Brillouin scattering results from refractive
index variations due to sound waves or traveling density or pressure fluctuations. These
scattering processes that arise from natural oscillation modes of materials can be used to
determine the physical parameters responsible for those oscillations. When these collective
modes are excited with a powerful laser, the mode oscillations can be driven so hard that they




grow exponentially. In this case, the oscillations cause stimulated scattering. The dominant ad-
vantage of stimulated scattering is that the scattered signal can be made arbitrarily large; other-
wise, these processes produce extremely weak signals. By using a probe to measure the induced
amplification, we can obtain very good quantitative results. This technique is distinct from the
stimulated scattering that builds up from noise, in which case quantification is very difficult.

The large signals from stimulated scattering are particularly helpful for investigating
Rayleigh and Brillouin scattering, where the weak signals available from spontaneous scattering
are difficult to discriminate from background excitation light. Other advantages of stimulated
scattering include excellent temporal resolution, and improved spectral resolution and signal-to-
noise ratio. Furthermore, the use of two laser beams allows spatial registration and point
measurement of local conditions.

With a single detection system, all three processes—Rayleigh, Brillouin, and Raman—
can be measured. These processes together provide measurements of a wide range of material
properties. Rayleigh scattering provides information on thermal properties, Brillouin scattering
on compressional or elastic properties, and Raman scattering on chemical and compositional
properties, density, and temperature. While spontaneous Brillouin and Raman scattering have
been applied to supercritical fluids, the use of stimulated scattering for supercritical fluids is
new.

Experiment

We perform stimulated scattering measurements by producing strong scattering
interactions using a pump laser and then probing the scattering using a second probe laser. As a
pump laser we use an injection-seeded Nd:YAG laser and the probe laser is a tunable diode
laser. The pump laser sets up an electric polarization oscillating at the characteristic frequency
of a scattering mode of the material.! For strong laser driving, this polarization acts as a driving
force, leading to amplification of both the material oscillation and the scattered optical wave.
The optical amplification is detected as a gain or loss on the probe beam. The overlap volume of
the pump and probe beams determines the spatial resolution. The stability of the probe and pump
lasers has been optimized to allow for more reliable operation and narrower bandwidth,
respectively. The cell is suitable for measurements in the supercritical and near-critical region.

Results

.- . 247 C
The critical point for n-hexane occurs

at a pressure 31 kPa and temperature of 234 60 bar
°C. Examples of stimulated Rayleigh /
Brillouin scattering spectra measured at 1064

nm in n-hexane near the critical temperature at
three different pressures are shown in Fig. 1.
The peaks to the left and right of each
spectrum are the gain and loss Brillouin peaks, 24 bar
respectively. The central peak is the “*"‘“‘"‘Lf’v““‘-‘-
stimulated Rayleigh peak. Optical absorption = = s - 2
enhances the Rayleigh peak and produced Frequency (GHz)

asymmetry to the Brillouin peaks. Also shown Figure 1. Stimulated scattering spectra at 1064 nm for
in Fig. 1 are fits to the data. These fits include three different pressures.
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the appropriate lineshapes for each peak and the laser spectral width. Fits of this type enable the
determination of linewidths, lineshifts, and peak heights. The electrostrictive Brillouin lineshape
is described by the real part of the complex Lorentzian profile; the thermal Brillouin and
Rayleigh lineshapes are described by the imaginary parts of a complex Lorentzian proﬁle:.2 The
measured lineshapes are given by the convolution of the Gaussian spectral lineshape of the
Nd:YAG pump laser with these Lorentzian profiles. The following figures present stimulated
Brillouin scattering properties for n-hexane at 1064 nm at sub-, near-, and supercritical

conditions.
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Figures 2 and 3 present three-dimensional views of the Brillouin Doppler shifts and the
Brillouin peak widths observed for n-hexane at 1064 nm in a wide range of temperature and
pressure conditions. In both graphs, an open circle on the plane of the temperature-pressure
coordinate system indicates the location of the critical point for n-hexane. The solid points
correspond to the extracted values from our fits to the data. In both graphs, the scatter of the
data points is representative of the experimental uncertainties. The uncertainty of the fit (one
standard deviation) is typically 1% and 5% for the Brillouin Doppler shift and Brillouin peak
width. However, repeated measurements at the same conditions show reproducibility to within
approximately 10% and 20% for the Brillouin shift and width, respectively. The main source of
experimental errors is the (unavoidable) existence of temperature and pressure fluctuations of the
fluid under study. Our experiments for conditions ranging from ambient temperature and
pressure to the supercritical state have clearly shown that these fluctuations become dramatically
larger as the system approaches the critical point. The mesh surfaces shown in Figs. 2 and 3 have
been created by numerical interpolation through the experimental points using commercially
available software (Sigmaplot by SPSS Inc.). They are presented as a visual aid to the
identification of trends in the experimental data. In both Figs. 2 and 3, the magnitude of the
Brillouin shift and width exhibits a minimum in the region of the critical point. This observation
is consistent with extreme values of the speed of sound and the acoustic damping rate attained
near or at the critical point. We note that although our improved apparatus is successful in
recording reliable spectra very close to the critical point, a limit exists within approximately a
couple of bar and degrees °C, where critical opalescence and fluid fluctuations make
measurements difficult. Consequently, the magnitude of the Brillouin shift and width could
reach smaller values and even zero at the critical point.

Figures 4 and 5 show two-dimensional cross sections through the graphs of Figs. 2 and 3
that present a more clear view of the behavior of the Brillouin Doppler shift and Brillouin peak
width as a function of temperature and pressure. The error bars shown for the Brillouin width
correspond to one standard deviation, as extracted from the fits to the data. In the case of the
Brillouin Doppler shift the error bars from the fit to the data are comparable to the size of the
point markers.

Comparison of the widths, shifts, and heights of the electrostrictive Brillouin, thermal
Brillouin, and thermal Rayleigh peaks with theory has showed consistency of the theory through
the relationships between the heights and widths of the thermal Brillouin and thermal Rayleigh
peaks. A remarkable feature in the Brillouin and Rayleigh measurements is the discontinuity in
the observed properties that occurs near the critical point, as shown in the figures presented
above.
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SUMMARY/OVERVIEW:

Optical and electrical measurements performed in a short pulsed DC discharge of
methane, argon and nitrogen mixtures are presented. Time-resolved voltage and current
measurements reveal a rapid overvoltage breakdown followed by nearly steady-state
operation at a relatively high reduced-electric-field strength for 50-100 Torr.cm
discharge. Plasma emission measurements of H, Doppler width, CH A-X, and B-X, (0, 0)
and vibrational overtone reveal the kinetic behavior of key dissociation fragments of CHy4

TECHNICAL DISCUSSION

Atomic hydrogen, hydrocarbon fragments and their radicals are important species for
initiating ignition and sustaining stable flame propagation. Highly nonequilibrium
plasma production of energetic reactive hydrocarbon fragments could have application in
situations where more conventional means of promoting and sustaining combustion are
degraded. One such situation is found in supersonic combustion (scramjet) propulsion
systems where the flow speed is so high that mixing and reaction times are limited.
Plasma torch ignitors have been widely investigated, and microwave discharges have
been studied, both as means of providing reliable scramjet combustion. However, such
approaches require multi-kilowatt electrical power inputs and are not easily volume
scaleable. Pulsed dc glow discharges with high E/N can efficiently dissociate
hydrocarbon with substantially lower power requirements. Here we describe our work to
characterize such discharges in the context of possible combustion ignition applications.
The experiments are carried out in a cylindrical pyrex chamber using parallel plate
electrodes. A fast semiconductor high voltage switch produces the pulsed discharge over
a range (10-800 Hz) of repetition rates. By adjusting the switch, discharges with
continuously variable pulse durations ranging from 150 to 800 ns are produced.
Measurements have been performed on mixtures of argon, nitrogen and methane at
operating pressures of 30-100 Torr. A plot of E/N for argon/methane mixtures at 100
Torr is shown in figure 1. With increasing applied voltage, and power, emission from H*
and CH* methane fragments increases linearly. Emission from CH*, C," and CN* also
indicates high vibrational excitation. In the case of CH* the vibrational distribution is
non-thermal. In Figure 2, the (2, 2) hot band is clearly seen though the (1, 1) band
remains buried by the (0, 0) band. Spectral simulation suggests a rotational temperature
of 1200 K for this spectrum acquired near the cathode at 100 Torr. Kinetically hot H
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atoms are also found near the cathode surface. The H, emission spectrum exhibits a
distribution characterized by contributions from both cold and hot atoms. Figure 3 shows
an acquired spectrum along with a simulation that consists of the following kinetic
energy breakdown: 48% with 0.036 eV (thermal), 30% with 6.5 eV and 22% with 39 eV.
These results are consistent with the dissociative excitation of H from the repulsive
excited states of CH, [1]. Using the technique of actinometry, an estimate of H-atom
production during a discharge pulse can be made by comparing the H, emission from the
methane discharge (Figure 4) to that from the very well characterized pure H, discharge
[2,3] under the same experimental conditions. Gap voltage, discharge power, and the
resulting H  emissions from both pure hydrogen and methane discharges at 50 Torr using
6 kV pulser drive voltage were measured. The temporal behavior of the gap voltage and
discharge power are very similar to the analogous case for discharges into methane,
although both fall more rapidly in the hydrogen plasma during the later portion of the
discharge pulse. The likely cause of the minor difference in temporal behavior is that the
methane plasmas are slightly electron attaching whereas negative ion formation is absent
in the hydrogen plasmas. The H, emission from the pure hydrogen discharge, shown in
Figure 4, follows the discharge power pulse, identical to the temporal behavior of the H
emission from methane (lower plot in figure 4). The expression used to estimate H atom
production in the CH, discharges of interest can be written as,

cre p 24 +kGMICH.] [X(E/N) P, ar
[H] ~ IHa PHz J H2 (1)
cHe ™ yH: p A +kP[H DV '
Hae fcHa Z 3 + Q[ 2] e

J
where I; ¥ - intensity of H, emission in a given discharge gas, P, - discharge power
deposited into a given gas, A,,, Aj; - Einstein coefficient for spontaneous emission for the
indicated transition, ko®* - quenching coefficient for H(n=3) atoms in a given gas, [H,] -
concentration of molecular hydrogen, [CH,] - concentration of methane, X(E/N) -
fraction of discharge power deposited into dissociation as a function of E/N , D, - energy
required for dissociation, and V - discharge volume.
In this relation, the relevant quenching rate constants for H(n=3) atoms are 2 x 10 cm?®/s
in H; and 3.5 x 10® cm%/s in CH,, and the measured H_ intensity profiles needed as
inputs are shown in Figures 4. Using Equation (1), the H-atom production during a single
discharge pulse into methane, under the same experimental conditions, is shown in the
lower plot of the same Figure 4. For comparison purposes, the discharge pulse power
and the associated fy_ emission are also shown in that plot. Note that the production rate
is significantly higher during the brief hi gh E/N early peak in the discharge power pulse
which is typical in such fast pulsed overvolted discharges. Production of on the order of
5 x 10" H atoms per cubic centimeter of discharge volume during a 400 ns discharge
pulse is significant. The results are quite encouraging from the viewpoint of application
to scramjet ignition and combustion augementation. Verification of this actinometric
estimate will require much more elaborate one and two-photon allowed laser induced
fluorescence and/or mass spectrometric measurements.
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SUB- AND SUPER-CRITICAL EVAPORATION AND COMBUSTION OF A MOVING
DROPLET

DAAD 19-99-1-0116 -

Principal Investigator: George Gogos

University of Nebraska-Lincoln
303 Canfield Administration Bldg
Lincoln, NE 68588-2618

SUMMARY: We are conducting a comprehensive computational study of fuel droplet
evaporation and combustion in sub- and super-critical ambient conditions under forced
convection. An experimentally validated model for a moving spherical droplet that undergoes
combustion has been developed. Transient numerical results were obtained for both suspended
droplets (constant relative velocity) and for moving droplets. It is shown that the flame
configurations present in a burning droplet are a function of the time histories of both the
Reynolds number and the Damkdohler number. With respect to high pressure and high
temperature droplet vaporization, we have attempted to include deformation of a moving droplet.
Our previous axisymmetric code (in spherical coordinates) cannot conveniently handle droplet
deformation. We developed a new 2-D code in cylindrical coordinates for that purpose. At this
point, the new code predicts results in agreement with experimental data (and with our previous
code) when we turn off droplet deformation (low Weber numbers).

TECHNICAL DISCUSSION: Two major aspects of droplet evaporation/combustion have been
studied and are discussed below.

1. Numerical Simulation of Droplet Combustion Under Forced Convection (with Dr. Daniel
Pope and graduate student Kun Lu).

Numerical Model: The problem considered is that of a single-component liquid fuel (n-heptane)
droplet undergoing evaporation and combustion in a hot, convective, low pressure, zero-gravity
environment of infinite expanse. For a moving droplet, the relative velocity (U.) between the
droplet and freestream is subject to change due to the influence of the drag force on the droplet.
For a suspended droplet, the relative velocity is kept constant.

The governing equations for the gas-phase and the liquid-phase consist of the unsteady,
axisymmetric equations of mass, momentum, species (gas-phase only) and energy conservation.
Interfacial conservation equations are employed to couple the two phases. Variable properties
are used in the gas- and liquid-phase. Multicomponent diffusion in the gas-phase is accounted
for by solving the Stefan-Maxwell equations for the species diffusion velocities. A one-step
overall reaction is used to model the combustion [1].

The governing equations are discretized using the finite volume and SIMPLEC methods.
A colocated grid is adopted. Hyperbolic tangent stretching functions are used to concentrate grid
points near the fore and aft lines of symmetry and at the droplet surface in both the gas- and
liquid-phase. The discretization equations are solved using the ADI method with the TDMA used
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on each line of the two alternating directions. Iterations are performed within each time-step
until convergence is achieved. The grid spacing, size of the computational domain and time-step
were tested to ensure that all solutions are independent of these parameters. A detailed
discussion of the numerical model is given in [2,3].

Results and Discussion: The numerical model was used to investigate the combustion of a n-
heptane droplet with an initial diameter (do) of 500 um. Two cases were studied: a) a moving
droplet, and b) a suspended droplet within a convective environment. The results presented here
are for an ambient temperature (7.,) of 1000 K, an ambient pressure (Po) of 1 atm, an initial
droplet temperature (7o) of 297 K and initial Reynolds numbers (Reg) of 8, 10 and 50.

Table 1 compares the lifetimes of both moving and suspended n-heptane droplets for the
Reynolds numbers considered. The table contains interesting results that need to be explained.
For example, the lifetime of a moving droplet with Rey, = 50 is longer than the lifetimes of
moving droplets with initial Reynolds numbers of 8 and 10. Furthermore, for the same initial
Reynolds number, the suspended droplet burns out faster than its moving droplet counterpart in
two cases (Rep = 8, 50), while for Rey = 10, the result is opposite. In the remainder of this
section, the results presented in Table 1 will be discussed in more detail.

Figure 1 shows the time history of the dimensionless droplet diameter squared (d/d,)’,
Reynolds number, Damkéhler number and evaporation constant (K) for a suspended and a
moving droplet with Rey = 8. The suspended and moving droplet developed envelope flames at
approximately the same time (¢ = 30 ms). Considering the droplet lifetimes (231 and 240 ms),
this happened at a very early stage. Once the envelope flame formed, it remained for both
droplets until the end of their lifetimes. Thus during most of the droplet lifetime, both the
suspended and the moving droplet experience the same flame configuration. This implies that
the two droplets will exhibit similar burning behavior and thus similar lifetimes. Figure 1(a)
shows that to be true. The droplets in both cases have very similar diameter squared time
histories.

Suspended | z; = 231 ms
Peo=1atm Moving tg =240 ms
T, =1000 K Suspended | z; =335 ms
Thy=297K Moving t3=243 ms
do=0.5 mm Suspended | ;=250 ms
Moving ty=316 ms

Table 1: n-heptane droplet lifetimes for suspended and moving droplets.

Figure 1(b) shows the time history of the instantaneous Reynolds number (Re) for both
cases. Both Reynolds numbers decrease monotonically with time however, they decrease at
different rates. The Reynolds number is defined as Re = d(t) Uo(t)/ve, where d() and U,(f) are
the instantaneous droplet diameter and freestream velocity. The freestream velocity remains
constant for the suspended droplet. As a result, the Reynolds number changes only with the
droplet diameter. However, for the moving droplet, the droplet diameter decreases, and the
droplet velocity decreases due to drag. Thus the Reynolds number for the moving droplet
decreases faster than that for the suspended droplet.

The higher Reynolds number associated with the suspended droplet implies a stronger
convection. This results in a higher evaporation constant for the suspended droplet than for the
moving droplet as shown in Figure 1(d). At the beginning of the droplet lifetime, the
evaporation constants for the two cases are very close and both increase rapidly due to the high
temperature environment. A difference between the evaporation constants appears at about one
tenth of the lifetime due to the difference in the convective strength for the two cases. At the
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relatively low initial Reynolds number of 8, the difference in the evaporation constants between
the suspended droplet and the moving droplet remains small during the entire droplet lifetime.
As aresult, the droplet lifetimes for the two cases are very close.

Figure 1(c) compares the instantaneous Damkéhler numbers for the two cases. Here,
Damkdéhler number is defined as:

b
E
Da = R(t) Apa+b—lW;—a 1 exp| — a
u,@®) w, R, T,

where R(?) is the droplet radius, W, and Wy are molecular weights for the fuel and oxygen, and a,
b, A, and E, are constants. The Damkéhler number is proportional to the ratio of droplet
diameter to instantaneous freestream velocity. This ratio is the characteristic convective time-
scale. Thus, Da is proportional to d(2)/Ux(t) = teom- Figure 1(c) shows that the Damkéhler
number for the suspended droplet decreases with time, while for the moving droplet case it
increases slowly with time. The former result is expected since for the suspended case, Us is
constant while the droplet diameter decreases. This results in a monotonic decrease in Da. For
‘the moving droplet case, both d(f) and Ux(?) decrease. The resulting trend in Damkdhler number
is not obvious. For Rey = 8, it seems that the droplet velocity decreases slightly faster than the
droplet diameter.

For Rey = 50, both droplets ignite in the wake areas far downstream. After ignition, for
the moving droplet case, the flame moves toward the droplet slowly, and finally forms an
envelope flame (at approximately ¢ = 270 ms) near the end of its lifetime. For the suspended
droplet, no envelope flame is developed throughout its lifetime, and the wake flame remains at
approximately the same location for most of the droplet’s lifetime. At ¢=237 ms the wake flame
trailing the suspended droplet extinguishes. Thus, a pure evaporation process dominates in both
cases. In the absence of envelope flames, the difference in Reynolds number histories between
the two cases (Re is smaller for the moving droplet due to its deceleration) is the only cause for
their different lifetimes shown in Table 1. ’

The combustion behavior for the two cases at Rep = 10 is quite different from the cases
discussed above. Although the Reynolds number for the suspended droplet is again higher than
that for the moving droplet throughout the droplet lifetime, the lifetime of the suspended droplet
is approximately 40% longer than that of the moving droplet. The big difference in droplet
lifetimes, is caused by the difference in flame configurations. The moving droplet develops an
envelope flame at an early stage (z = 40 ms) of its lifetime. In contrast, the suspended droplet
exhibits a transition flame (the flame partially surrounds the droplet) during most of the droplet
lifetime. As a result, the front of the droplet is exposed to the ambient temperature, leading to a
longer lifetime for the suspended droplet.

The trend in Damkéhler number for Rey = 50 and Rey = 10 is the same as for Rey = 8,
namely Da increases for the moving droplet and decreases for the suspended droplet. The flame
configurations present in a burning droplet are a function not only of the Reynolds number, but
of the Damkdohler number as well. This is discussed more extensively in [4]. The results
presented above for the three different Reynolds numbers seem to suggest that a moving droplet
tends to develop an envelope flame at some stage during its lifetime, whereas a suspended
droplet develops an envelope flame only at low initial Reynolds numbers.

II. Evaporation of a Deformable Fuel Droplet under a Forced Convective Environment
(with Dr. Hongtao Zhang and graduate student Yuan Shi). Over this past year we developed a 2-
D code in cylindrical coordinates to be able to handle droplet deformation.

A non-orthogonal, algebraically generated grid system was chosen. This choice was
motivated by computational economy because it simplified the task of repeated grid regeneration
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dictated by the constantly changing free surface shape. The non-orthogonal coordinates are
defined with the M-coordinate direction following the radial lines and the &-coordinate direction
following the 'tangential’ lines. In the liquid phase, all lines radiated from a common origin at the
midpoint of the original spherical droplet, and terminated at points distributed around the
liquid/gas interface. In the gas phase the radial lines emerged from the same points that defined
the termini of the liquid-grid radial lines at the liquid/gas interface, and extended to
predetermined points along a fixed outer boundary.

The gas and liquid phase solutions are obtained by solving the unsteady equations of
mass, species, momentum, and energy conservation in cylindrical coordinates, using a colocated
grid. These equations are coupled via the conservation equations at the interface and are solved
iteratively. Variable properties in the gas and liquid phase are calculated using appropriate high
pressure correlations. The effect of gravity is neglected. The finite-volume and SIMPLEC
methods are used to discretize the governing equations in the computational domain. Real gas
effects are modeled using the Peng-Robinson equation of state.

At this point, the new code predicts results in agreement with experimental data (and with
our previous code) when we “turn off” droplet deformation (low Weber numbers). Further

debugging is needed to be able to handle droplet deformation which becomes important at higher
Weber numbers.
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Figure 1: Comparison between moving droplet and suspended droplet combustion for Reo
=8 (4o =500 #m apd T = 1000 K).
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SHOCK TUBE MEASUREMENTS OF IGNITION PROCESSES
IN DIESEL-RELATED FUELS

ARO Contract No. DAAD19-01-1-0597

Principal Investigator: Ronald K. Hanson

Mechanical Engineering Department
Stanford University, Stanford CA 94305-3032

SUMMARY/OVERVIEW:

We report results from the second year of a three-year program of basic research aimed at
improving knowledge of the combustion kinetics behavior of diesel-related fuels. The work is
intended to support efforts underway in other laboratories to improve diesel engine performance.
Research is being conducted in two Stanford shock tube facilities and focuses on two topics: (1)
measurements of shock-induced ignition time and individual species concentration time-histories
during the combustion of diesel-related gas-phase fuels, and (2) fundamental studies of fuel
sprays in a new aerosol shock tube using state-of-the-art optical diagnostic techniques.

TECHNICAL DISCUSSION:
Ignition Time and Species Concentration Time-History Measurements

Validation of hydrocarbon oxidation reaction mechanisms and development of new and
improved reduced mechanisms require a reliable database of experimental combustion targets;
such data are often drawn from experiments in shock tubes, flames or flow tube reactors.
Though a limited amount of shock tube ignition time data presently exists for some fuels, these
data exhibit substantial scatter and are of varying reliability. By contrast, data for stable species
in flames or bench-top reactors have often been used to tune reaction mechanisms, but little or no
data is available on transient radical species, such as OH or CHj3, that play an important role in
ignition processes. To help remedy these deficiencies, we are currently working to establish a
new database of ignition time and radical species concentration time-history measurements to be
acquired in shock tube studies of the major components of practical fuels and for surrogate fuel
mixtures. This database will include studies of fuel components including n-alkanes, branched
alkanes, alkenes, aromatics, and diesel surrogate mixtures.

We have measured ignition times and hydroxyl (OH) radical concentration time-histories
behind reflected shock waves during the oxidation of three branched alkanes: iso-butane (2-
methylpropane), iso-pentane (2-methylbutane), and iso-octane (2,2,4-trimethylpentane) over
initial reflected shock conditions of 1177 to 2009 K, 1.10 to 12.58 atm, fuel mole fractions of
100 ppm to 1.25% and equivalence ratios of 0.25 to 2. Ignition times were measured using
endwall CH emission, and OH concentrations were measured using narrow-linewidth ring-dye
laser absorption of the Ry(5) line of the OH A-X (0,0) band at 306.7 nm. These data provide a




unique database for the validation of detailed hydrocarbon oxidation mechanisms and hence
contribute to improved understanding of propulsion fuels. Seec Figs. 1 and 2.
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The structure of the OH concentration time history data is similar for the three branched
alkane fuels. After shock heating, fuel decomposition liberates H-atoms that react with 0O, to
form OH; shortly thereafter, the OH concentration decreases to an intermediate minimum before
ignition, signaled by a rapid rise in the OH concentration. The structure of the OH concentration
history during branched alkane oxidation is in contrast to previous work from our laboratory on
n-alkane oxidation [Davidson et al. 2001]. During n-alkane oxidation the OH rises to a plateau
prior to ignition rather than declining to a minimum. The strong suppression of OH during
branched alkane oxidation, particularly at the lowest temperatures of this study, is one reason
why branched alkanes inhibit knock in engine applications. Example OH concentration data are
shown in Fig. 2 for iso-butane.

With the availability of OH concentration time-history data, comparisons of the
measurements and models of the radical pool during ignition events can now be investigated.
We performed sensitivity and contribution analysis for several published oxidation mechanisms
for iso-butane, iso-pentane and iso-octane. Of particular note in this analysis is that the entire
OH concentration time history shows very strong sensitivity to reaction (1) H + O, > OH + O.
Confidence in this rate coefficient has improved over the years, and recently Yu et al. (1994) put
an uncertainty of only 9% on this rate over the temperature range 1336-3370 K. Despite the
extensive efforts made to refine this rate, many current mechanisms still use the older rate
coefficient recommended by Baulch et al. (1992); this rate varies by up to 30% over portions of
the temperature range from the Yu et al. recommendation. Recent transition state calculations by
Miller and Garrett (1997) also support the Yu et al. value for k;. Simply changing k; in these
mechanisms to the Yu et al. value provides an improvement in terms of modeling our data.
However, it is clear that other adjustments in the detailed model are needed to bring the model
results into full agreement with our data.
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Shock Tube Studies of Fuel Sprays

Liquid fuels predominate in mobile energy-conversion systems such as gas turbines and
internal combustion engines. Previous researchers have studied combustible sprays in shock
tubes to learn about droplet breakup, evaporation, and ignition times, but these studies generally
have applied commercial injectors that have wide droplet size distributions. Since the
combustion of a two-phase mixture is strongly dependent on droplet heating and evaporation
rates, the results have largely been qualitative in nature, obscured by details of the droplet size
and spatial distribution, or have been quantitative only in specific situations. Our objective is to
establish a facility that will permit the study of the interaction of shock waves and two-phase
mixtures. These two-phase mixtures will be spatially uniform and will have a very narrow
(nearly monodisperse) size distribution so that droplets of a specific size class can be studied
independently. The interaction zone where the shock waves encounter the two-phase mixture
will have wide optical access.

Work has been completed on the aerosol shock tube. We have modified an existing
shock tube facility by adding a test section with a square cross-section (following a round-to-
square transition section) and large flat windows to accommodate laser-sheet visualization and
diode laser (absorption and extinction) diagnostics. Numerous pressure port locations are
available for shock and detonation speed determination in the test section. Uniform spatial
distributions of the aerosol in the initial gas mixture are introduced into the test section through
large flush-mounted (when closed) valves in the end wall.

Mono-dispersed aerosols in the diameter range 0.5 - 10 um are produced for the shock
tube using ultrasonic atomization. Droplet size measurements of the nebulizer spray have been
obtained via a laser diffractometer and two-wavelength Mie laser scattering. Example droplet
size distributions for several fluids are shown in Fig. 3. Narrow size distributions have been
successfully generated in a variety of alkane fuels and water. Note that these distributions are
substantially narrower than those obtained with a pressure-swirl atomizer.
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Figure 3. Comparison of volume pdf size distributions for decane, dodecane, heptane and water
sprays produced by a ultrasonic nebulizer and a single fluid pressure-swirl atomizer.
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The facility is nearing complete operation. Tests are underway to finalize the details of
the aerosol injection system, e.g. to measure the spatial uniformity of the aerosol mixture in the
tube, measure the acrosol settling time, and to adjust the inlet and exhaust valve timing to
optimize the uniformity of the test mixture. The optical diagnostics, based on multi-wavelength
extinction, are being transferred onto the shock tube. Initial tests are expected shortly.

Future Plans

Future work in the development of the ignition time - species concentration database will
include measurements of alkenes, aromatics, cyclo-alkanes, and double-bonded fuel
decomposition intermediaries including 1,3-butadiene. Measurements of addition species, such
as CH3, will also be considered.

- Future work with the aerosol shock tube will concentrate on shock tube measurements of
the aerosol/shock wave interactions. These measurements will utilize laser sensors (developed
under AFOSR and ONR sponsorship) to characterize fuel loading, aerosol time history, fuel
vapor concentration and temperature, and ignition processes. Measurements of line-of-sight-
averaged fuel droplet size, droplet volume fraction, and fuel vapor concentration with rapid time
response using a sensor based on wavelength-multiplexing of five laser beams are planned.
(This sensor will use three laser beams to measure droplet size (Sauter Mean Diameter) based on
transmission measurements; and two beams to monitor vapor concentration based on differential
absorption.)
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ADVANCED DIAGNOSTICS FOR REACTING FLOWS

AFOSR Contract No. 01-1-0145
Principal Investigator: Ronald K. Hanson

Mechanical Engineering Department
Stanford University, Stanford, California 94305-3032

SUMMARY/OVERVIEW:
The goal of this research is to develop advanced laser-based diagnostics for non-intrusive

measurements relevant to air-breathing combustion. The program emphasizes spectrally-
resolved absorption using cw tunable IR lasers and planar laser-induced fluorescence (PLIF)
using pulsed IR and UV laser sources. Detailed below is progress on several diagnostic
concepts: ketone tracers for PLIF imaging; LIF at high pressure; IR PLIF for imaging IR-active
gases; and wavelength-multiplexed strategies for fuel sensing. Also reported are high-
temperature LIF measurements of CO,, which have significant implications for UV-based
combustion diagnostics.

TECHNICAL DISCUSSION:

Fuel Tracer Photophysics for Quantitative PLIF Diagnostics

Research on fuel tracers concentrates on experiments to elucidate the fundamental
photophysical data needed to quantify absorption and fluorescence as a function of temperature,
pressure, bath gas, and excitation wavelength. Past success in understanding the effects of these
parameters on acetone has led to the development of PLIF techniques that instantaneously (and
non-intrusively) measure temperature and acetone concentration in two dimensions under a
variety of conditions (up to 1000 K and 16 bar). We have recently begun quantitative PLIF
measurements of more realistic fuels and fuel ; . i . . . .
surrogates. For example, our database now
includes the absorption and fluorescence
properties of 3-pentanone, (a slightly heavier
ketone than acetone, more suited for tracking
heavier hydrocarbons). In addition to its
attractive physical properties, we have
determined that 3-pentanone yields more
signal per molecule than acetone and exhibits
better temperature sensitivity under some
conditions.

The data from our experiments along
with data in the literature have been
employed to build a semi-empirical,
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photophysical model to explain and predict a
tracer’s fluorescence behavior with changing
temperature, pressure, and excitation
wavelength. This endeavor has met with

Figure 1. Modeled 3-pentanone fluorescence behavior
(at constant mole-fraction, in nitrogen) as a function of
temperature for 248 and 308 nm excitation at 1 and 10

atmospheres.




some success using both acetone and 3-pentanone. The usefulness of such a model is
exemplified in Fig. 1. Smooth lines show model prediction of 3-pentanone’s fluorescence
behavior as a function of temperature for two excitation wavelengths and at two pressures in a
nitrogen bath. Measured data is shown as discrete points. Exciting with 248 nm, one can see
that temperature dependences may change with pressure; interpreting fluorescence signals at ten
atmospheres should be quite different from interpretation at one atmosphere (although this has
traditionally not been the case due to a lack of data at simultaneously elevated temperature and
pressure). However, the temperature behavior does not change as much when using 308 nm
excitation. Thus the model also shows ways by which we might mitigate or eliminate
measurement error through the careful selection of excitation strategies in regions beyond where
measured data is available.

2-D Images of Temperature and NO in Steady, High-Pressure Flames

Ability to understand and apply LIF of NO provides an effective diagnostics tool to
measure instantaneous temperature fields as well as imaging of quantitative NO itself. However,
high-pressure environments pose unique challenges to spectroscopic techniques as spectral
features become collision-broadened and spectral interference from other species increases. In
the past year we have expanded investigation of excitation strategies of NO LIF to include both
the A-X (0,0) and A-X (0,1) transitions, where factors such as interference from O, LIF, signal
intensity and temperature sensitivity have been quantitatively evaluated for stoichiometries
between 0.83 and 1.2 and pressures up to 60 bar. Further extension of this study has lead to the
development of a new multi-line temperature measurement strategy as well as quantitative
imaging of NO. Shown in Fig. 2 are some of the temperature and quantitative NO measurements
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surprisingly  large  correction K
(~35%) resulted from the 400
absorption of broadband UV

from high temperature CO, W 300
across a 8mm flame. In the I ppm
process of conducting this 0

research, a  highly accurale  y,oure 2. Jemperawre nelds (upper) anda quanutative NU
spectroscopic database for high- concentrations (lower) from a premixed methane/air flame using
pressure NO has been developed. PLIF imaging of NO. 1000+ shots averaged in steady flame.

IR PLIF using Vibrational Transitions

Many species important for combustion (CO, CO,, CH,, C,H,, and higher hydrocarbons)
only have allowed, single-photon, electronic transitions in the vacuum ultraviolet, and thus do
not permit visible or near-UV LIF diagnostics. However, infrared PLIF is possible using
vibrational transitions if the molecule has an IR active mode. IR PLIF differs from traditional
UV/Vis PLIF because excited vibrational levels have much longer radiative lifetimes than
excited electronic systems, and there are often multiple mechanisms for vibrational relaxation.
Therefore, detailed knowledge of vibrational energy transfer rates and processes is necessary for
modeling of IR PLIF schemes and the quantitative interpretation of data. Building on our past
success for CO and CO; IR PLIF schemes, we have begun IR PLIF of simple hydrocarbon fuels,
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Two-Phase Fuel Diagnostics by Wavelength-Multiplexing

The development of multiphase
diagnostics based on  wavelength-
multiplexed diode laser extinction has
progressed to successful demonstration
experiments to monitor droplet size and
concentration using a three-wavelength
extinction  scheme and separate
experiments to measure low concentrations
of various hydrocarbon fuel vapors by
differential absorption. Key virtues of our
approach are 1) good prospects for near-
real-time monitoring (better than 1 ps),
and 2) extension to multiphase combustion
flows of near-IR diode laser absorption
sensors for gas concentration. Fig. 3
illustrates vapor sensing in an ethanol
spray for different droplet sizes. The
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Figure 3. Comparison of differential vapor absorption and
droplet extinction in ethanol spays using the differential
absorption technique for different initial droplet sizes.

differential vapor absorption signal (Atyuer) begins to exceed the interference signal from
droplets (Atqrops) after approximately 22% (13%) of the fuel evaporates for an initial droplet size
of 4 um (5), even though for the range of wavelengths used, the droplet extinction exceeds

vapor absorption over most of the droplet

volume fraction range. Clearly the differential

absorption technique considerably improves vapor detection sensitivity. The wavelength-
multiplexed differential absorption sensor promises to be a powerful tool for near-real-time
monitoring of combustion flows where fuel spray mixing, evaporation, and combustion are

important.

Development of CO, LIF

In the past year, we have learned that CO, becomes a strong UV absorber at high
temperatures, prompting a search for subsequent LIF emission. We have since found strong

evidence that the broadband (200-450nm)
continuum emission with a faint
superimposed band structure observed in
high-pressure NO LIF is from CO,. Signal
intensity ~ variation with  excitation
wavelength, equivalence ratio and adiabatic
flame temperature correlate well with
absorption cross-section data taken with a
UV kinetic spectrograph in our shock tube
facility. Shown in Fig. 4 is LIF data taken in
a CH4/O,/Ar and H,/O,/Ar flames; the strong
Rayleigh peak and Raman from H,O is
observed in both flames. The remaining
broad-band fluorescence appears to be LIF of
CO,. Although further characterization is
required, initial results suggest promising
opportunities for combustion diagnostics via
CO;, LIF.
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Figure 4. Emission spectra with 235.88-nm excitation in
CH,/O,/Ar and H,/O,/Ap dAopeoc. (20 Bap, ¢ = 1.1).
The broadband CO, emission was extracted from the
CH,/O,/Ar flame data using spectral simulation fits of
LIF emission components.
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SUMMARY/OVERVIEW

The purpose of this work is to develop a whole field measurement technique that is capable of
simultaneously sizing multiple transparent droplets on a plane from scattered light features that are
independent of laser beam intensity and obscuration. Last year, we reported on a digital holography
technique to measure sprays. This year, we discuss a novel split-image digital photography technique
that enables the measurement of larger particle size distributions over a larger field of view.

TECHNICAL DISCUSSION

Light scattered by reflection and refraction from droplets immersed in a laser sheet is collected and
split into two paths, which are simultaneously imaged onto and recorded by a CCD chip. The images
recorded by the CCD can be analyzed to obtain data on particle size, location, and velocity within
a two-dimensional area Other related research in this field is based on photographic recordmgs of
interference patterns holographic and photographic techniques measuring spots and fringes’; d1g1ta1
holography and the use of cylindrical optics to defocus and elongate particle images in one
dimension and thus increase particle density measurement capability*. The technique reported here
simultaneously measures particles from both their glaring spots and from the out-of-focus fringes,
which provides a broad particle size measurement range and rapid data processing capability.

Optical Setup

The system described here is called a Planar Image Particle Analyzer (PIPA). The general optical
configuration of PIPA is given in Figure 1. In operation, a sheet of laser light illuminates transparent
particles; each particle’s reflected and refracted glare spots (manifestation of the scattered light) is
collected by a doublet lens pair (DLP). The collection angle (between the sheet of laser light and the
optical axis of the DLP) is chosen to provide a nearly equal intensity balance between the reflected

! Glover, A., Skippon, S., and Boyle, R., (1995) “Interferometric Laser Imaging for Droplet Sizing: A Method
for Droplet-Size Measurement in Sparse Spray Systems”, Applied Optics, Vol 34, No. 36, pp. 8409-8421.

2 Hess, C.F., (1998) “Planar Particle Image Analyzer”, presented at 9 International Symposium
on Application of Laser Techniques to Fluid Mechanics, Lisbon, Portugal, (July 13-16, 1998).

3 Burke, J., Hess, C.F., and Kebbel, V., “Digital Holography for Whole Field Spray Diagnostics”,
presented at 1 1" International Symposium on Application of Laser Techniques to Fluid Mechanics,
Lisbon, Portugal, (July 8-11, 2002).

4 Maeda, M., Kawaguchi, T., Hishida, K., (2000) “Novel Interferometric Measurement of Size and
Velocity Distributions of Spherical Particles in Fluid Flows”, Meas. Sci. Technol. 11, L13-L18.




and refracted glare spots, requiring the use of the Scheimpflug angle geometry. A key feature of this
setup is the use of a beam splitting cube (BC) to separate the light collected from particles into two
optical paths: one for imaging the glare spots as ‘spots’ and the other for forming fringes from the
out-of-focus glare spots. In the example below, the two light paths are imaged onto a single CCD
chip. Clearly, multiple CCD chips can also be utilized for this technique.

Spot Mode Imaging

Referring to Figure 1, the light in the ‘spot path,’ is imaged via the DLP, BC, mirror (M), and a
prism (P) onto the camera’s CCD chip (CCD). The images of particle glare spots are directed so as
to fill one half of the CCD leaving the other half available for the ‘fringe path.” Figure 2, below, is
an image of a water droplct’s reflected and refracted glare spots formed by the spot path. In this
mode, the images of individual particles are relatively small, and for larger particles (for example,
sized 40-um and larger) the distance between the two glare spots can be measured directly to
accurately determine particle diameter. Also, by recording multiple spot mode images over time, in
conjunction with a double-pulsed laser system, velocity data can be acquired.

LLS Particles

3t g
BEO

Collected Iight/

M

M CL \
Fringe path

NDF

N e

Figure 1. Schematic of the Planar Image Particle Analyzer (PIPA). Abbreviations: LLS,
laser light sheet; M, mirrors; BEO, light sheet beam expanding optics; BD, beam dump;
DLP, doublet lens pair; A, apertures; P, prism; CCD, digital camera; BC, beam splitting
cube; CL, cylindrical lens; NDF, neutral density filter.

Fringe Mode Imaging

In the second optical path, the ‘fringe path,” light is directed and imaged onto the other half of the
CCD via the DLP, BC, M and a cylindrical lens (CL). In this example, CL is orientated with its
focusing power in the horizontal plane (parallel to the surface of the paper in Figure 1). In fringe
path, which is based on a design invented by Keio University (Japan) and described by Maeda®, CL
causes the horizontal component of the scattered light to focus slightly in front of the CCD, while
the vertical component is essentially unaltered and continues converging toward the CCD as if being
imaged by DLP alone. Thus, on the CCD, the horizontal component of particle glare spot images
1s defocused, while the vertical component is Jocused. For example, Figure 3 is the same 33.6-um
droplet in Figure 2 as imaged by the fringe path. Smaller particles, sized 5 to 35-um in diameter,
which are too small to be measured in spot mode, can be measured in fringe mode.
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Figure 2. A 33.6-um water droplet  Figure 3. The same droplet in Figure 2 imaged on the
imaged on the CCD by the ‘spot CCD by the ‘fringe path’ showing the elongated
path’ showing the reflected and  a-focal fringe pattern formed on the CCD by the
refracted glare spots. interference of the two glare spots.

Spot/Fringe Image Correlation

Since the same particles are imaged on both sides of the CCD, it is necessary to track and correlate
a particle’s image in spot mode to its image in fringe mode. Figure 4 is a PIPA image containing
a realistic spray distribution of 5 pm to 115 pm water droplets, which has been adapted to illustrate
the spot/fringe correlation regions. As discussed above, the vertical extent of particle images on the
CCD are approximately the same for both fringes and spots, but the horizontal extent of the fringe
images is much larger (Figure 3) due to the expansion provided by the cylindrical lens in the fringe
path. Consequently, the FOV's captured by the two paths are slightly different. Thus, the image of
a particle recorded at the far edge of the spot mode half of the CCD (left in Figure 4) may be only
partially recorded in the fringe mode (right) side of the CCD.

Figure 4. Image of 5 um to 115 um water Figure 5. Image of a pinhole array used to
droplets recorded by PIPA. Gray regions are generate a correlated spot to fringe image
outside of the spot/fringe correlation zone, location correlation look up table (LUT).
and the white lines separate and show

correlated spots and fringes.

A calibrated pinhole array was positioned in the laser light sheet, back-illuminated, and its image
recorded by PIPA (Figure 5). The image was analyzed by PIPA’s image analysis software
PIPASOFT, which provided the X- and Y-coordinates of all the pinhole spot images and their
corresponding expanded fringe images. Next, the spot and fringe location data were used to generate
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a look up table (LUT) of correlated pinhole spot image locations to pinhole fringe image locations.
Since the original pinhole array has only 53 correlated locations in the FOV, a linear interpolation
algorithm was used to “fill in the blanks™ and create a full resolution correlation LUT for every pixel
in the image. In the end, the full resolution LUT enables the location of any particle in the spot mode
side of the image to be correlated to a location in the fringe mode side of the image with an accuracy
of +/- 2 pixels. We turn now to a discussion of system software.

Image Analysis Software

The program PIPASOFT was created to serve as a graphic user interface (GUI) for controlling the
PIPA’s laser, image acquisition, data mapping & analysis, and data visualization & output functions.
Figure 6 of PIPASOFT’s GUI shows the image display, particle size histogram and data table output
windows. Additional functionality includes: the ability to accumulate particle size histograms from
multiple images, graphic display of image intensity values to aid recording parameter setup, and 2D
and 3D data visualization windows. PIPASOFT’s analysis algorithms can process both spot and
fringes. The rapid image processing capability of PIPASOFT enables a 4-MB (2048x2048-pixel)
image containing over 370 40-um glass micro spheres to be analyzed in less than one second.
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Figure 6. PIPASOFT—Planar Image Particle Analysis SOFTware: graphic user interface
showing the image display, size distribution histogram and data output table windows.
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SUMMARY/OVERVIEW:

The focus of our efforts in this research program is to determine the underlying
mechanisms that control flame stabilization and blowout in lifted spray flames.
Extensive data exists for the characterization of gaseous diffusion flames as a result of
past research performed by the combustion community. In these studies, mechanisms of
stabilization, the role of premixing, and scalar dissipation have been examined to varying
degrees in systems such as lifted laminar and turbulent diffusion flames. Recently, OH-
PLIF measurements have been performed in our laboratory, along with smoke
visualization, to investigate the single and double flame structures that exist in spray
flames, along with high-speed visualization of the reaction zone. Current work in our
laboratory is focusing on the temporal nature of the spray flame/flow interaction to

understand how the double flame structure affects overall flame stability.

TECHNICAL DISCUSSION:

Spray flame characterization utilizing OH-PLIF imaging, flame luminosity, and
flow visualization

Description and quantification of the phenomena that control two-phase
combustion processes are of great interest [1,2], as most practical combustion devices
initially introduce fuel in the liquid phase. The underlying mechanisms that control
stabilization, extinction, and flame propagation are of great interest in spray flame
research. Recent work has focused on turbulent lifted ethanol spray flames in annular air
co-flow. OH Planar Laser-Induced Fluorescence and smoke-based flow visualization has
been performed to observe reaction zone contours, oxidizer entrainment, and turbulent
mixing in the near field of an atmospheric ethanol spray flame. Particular attention has
been focused on the development and characteristics of the double flame structure that is
unique to lifted spray flames. OH-PLIF facilitates imaging of the spray flame
combustion structures with minimal attenuation or interference (primarily elastic
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scattering from large fuel droplets). The instantaneous 2D images are used to both map
out reaction zone contours and make observations on the effect of local fluid dynamics on
the mode of combustion (diffusion or partially premixed) in the various regimes of the
flame. Although the OH images provide excellent data for analyzing flame structures,
further qualification of the results is required. Therefore, in order to better understand the
entrainment and subsequent mixing of oxidizer with fuel vapor/droplets, smoke
visualization has been performed (See Fig. 1). Incense smoke was injected into the low-
speed co-flow and illuminated by a laser sheet to visualize the flow of air around and into
the flame base with both a high-speed digital video camera and high-resolution color
digital photography. Since the spray core is relatively cool, the smoke can be imaged
well into the spray and the turbulent mixing of oxidizer and fuel is possible. This data is
crucial in supporting the theories of flame structure morphology [3] and overall flame
stabilization.

Contrary to the single flame structure observed in lifted non-premixed gaseous
flames, the double flame structure in spray flames appears as two diverging flame fronts
originating at the stabilization point, consisting of an outer diffusion flame with an inner
structure that possesses partially premixed flame characteristics, especially at locations
downstream of the leading edge (See Fig. 1). The inner flame structure burns primarily
in a diffusion mode just inside the leading edge and evolves into a region indicative of
partially premixed burning by the relatively wide regions of OH signal observed in the
experimental data [4,5]. Flow visualization indicates that the development of the inner
reaction zone is due to entrainment of ambient air into the spray core where it undergoes
turbulent mixing along the shear layer created between the oxidizer flow and the
momentum dominated region of the spray. The shear, or mixing, layer contains large
scale vortical structures that possess small droplets that follow the gas phase flow
faithfully (low Stokes flow) and vaporize easily. This mechanism aids in partial
premixing of the fluid which creates a flammable mixture for inner zone combustion.
Depending on the fuel spray characteristics and the co-flow velocity (affecting local
stoichiometry), the inner structure can bumn in both mixing controlled and partially
premixed modes. Local extinction at the lowest axial locations of the inner flame
structure, caused by high strain/scalar dissipation rates and quenching from droplets in
the high momentum spray cone at the reaction zone interface, is thought to play an
important role in partially premixed combustion at downstream locations due to
extinction and re-ignition events. It is believed the larger droplets feed the outer reaction
zone while the smaller, easily vaporized droplets sufficiently mix with entrained or co-
flow air along the turbulent mixing layer to support partially premixed combustion at the
inner reaction zone. One interesting observation was made for the two smallest fuel
nozzles (without co-flow) analyzed in our studies. The case for no co-flow exhibited a
unique “leading edge” phenomenon that is fundamentally different than the leading-edge
structure observed in lifted gaseous diffusion flames. The presence of a single flame
structure with no inner flame zone indicates that there is not sufficient air entrainment to
support combustion, as verified through flow visualization. Once co-flow is introduced,
the flame is lifted enough to entrain sufficient oxidizer for inner zone combustion, and
high-speed video sequences reveal the turbulent recirculations responsible for the
enhanced mixing of oxidizer with fuel vapor. In general, while low-speed co-flow
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simply enhances the double structure with a minimal effect on liftoff height, the higher
co-flow velocities create a well-lifted flame that exhibits a highly fluctuating stabilization
point and an unsteady double structure. This spray flame research has provided insight
into the nature of the flame structures and the effect that co-flow/air entrainment has on
these structures. Current work is aimed at further quantifying spray flame mechanisms in
order to understand how these near-field combustion structures are involved in the
stabilization of turbulent spray flames. Developing a better understanding of spray flame
stabilization will allow comparisons to be made to the better characterized phenomena
associated with gaseous diffusion flames.

Spray and gaseous flame comparisons

Observations of the leading edge characteristics in turbulent lifted gaseous [3] and
spray flames [4] have been provided to compare and distinguish the mechanisms that
govern the flame structure and stabilization in each respective combustion system [5]. In
the methane flame, CH-PLIF has been performed simultaneously with both particle
image velocimetry and Rayleigh scattering in two independent experiments. Single-shot
OH-PLIF and flow visualization was performed in the ethanol spray flame. Each flame
stabilizes in a zone of high mixing due to large-scale structures in the turbulent flow field.
The leading edge of the lifted gaseous diffusion flame has been shown to oscillate
between modes of stable upstream propagation and unstable downstream recession. The
flame finds stability in regions of low-speed flow that are within the flammability limits.
This so-called “leading-edge” combustion process is accomplished due to the fuel-lean
premixed branch of the leading edge stabilizing the trailing diffusion flame through
premixed flame propagation. The spray flame leading edge does not indicate the same
variety of “leading-edge” combustion structure, but does develop a dual reaction zone
(Figure 1 (d)). It is offered that flame stabilization in reacting sprays occurs where small
droplets are available (to readily provide a mixable fuel vapor) and large-scale structures
exist (which mix the fuel vapor with entrained air). The inner reaction zone develops
along the turbulent shear layer. These main points compare and contrast flames
stabilized in single and two-phase reacting flows. The authors believe these observations
are timely, especially regarding the current emphasis of the combustion community on
partially premixed combustion and triple flame structures. In addition, these results are
pertinent in applications where a liquid or gaseous fuel may be considered for use in a
practical device, and the best choice of fuel may depend upon the flame characteristics
and stability desired. Future work includes modifying the spray dynamics in order to
clarify how fuel properties (e.g., viscosity, surface tension, density), droplet size and
velocity distribution, and oxidizer flow field affect leading edge combustion and
stabilization. These research tasks will require diagnostic techniques that provide
quantitative characterization of the turbulent flow field and reaction zones, such as with
PIV or multiple-shot PLIF, and discriminate between different droplet size classes and
liquid and gas phases.
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Fig. 1: Smoke visualization in spray flame with 0.29 m/s co-flow showing color digital
photographs of (a) steady entrainment of smoke into spray, (b) dispersion of ambient gas
flow into and around flame base, especially left side, (c) high speed digital video
sequence of strong smoke entrainment and flow of smoke around the left flame leading
edge and (d) OH-PLIF images showing development of double flame structure.
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Summary

An experimental facility has been built to measure burning speed and study autoignition
of JP-8 fuel at high temperatures and pressures. It includes two combustion chambers, spherical
and cylindrical, optical set up and also a high temperature oven. Burning speed of fuel-oxidizer-
diluent mixture is determined form the pressure rise during a combustion process using a
thermodynamic model based on the conservation of mass and energy. Flame structure has been
studied for gaseous fuel in the cylindrical vessel using a high speed CCD camera. Measurements
have been done in these facilities for gaseous and liquid fuels over the wide range of temperature
and pressure. Some of the results are presented in this report.

Technical Discussion

1. Gaseous Fuel, methane -air-diluent mixtures:

Measurements have been done for methane-air-diluent (In this study a mixture of 86 %
N, and 14 % CO, is used) over the pressure range of 1-20 atm and temperature range of 298-650
K for equivalence ratios of 0.8-1.2. In the approach taken here, the pressure is the primary
measurement. A thermodynamic analysis of the pressure time record that was used to calculate
laminar burning speeds has been presented in the previous report. The measured values were
compared to PREMIX code’s theoretical predictions using GRI-Mech 3.0 mechanism. As it was
expected, the agreement is very good at high temperature, low pressure condition. GRI-Mech 3.0
predicts higher values at high pressure, low temperature conditions.

Investigation of cracking or wrinkling has been done in the cylindrical chamber. In order
to observe at what pressure the flame starts to become cellular, flames have been visualized in
the cylindrical chamber. The burned gas volume and pressure relation has been plotted in Figure
1 for different mixtures. It can be seen that the effect of equivalence ratio, diluent percentage and
initial pressure is very small on the behavior of this curve. The final pressure achieved in the
combustion chamber is different for different mixtures.

The burning speeds along isentropes for stoichiometric methane-air-diluent mixtures with
initial pressures of 1 atm and diluent of 0-15% are shown in Figure 2. The agreement between
measured values and PREMIX calculations are good. Also in this figure, the power law fits to
the experimental data have been shown along with the actual data. It can be seen that adding
diluent decreases the burming speed and the final pressure achieved in the vessel becomes
smaller. Mixtures with more diluent have lower flame temperature and consequently lower flame
speed. In mixtures with high percentage of diluent, buoyancy can be significant. This can be
detected using the ionization probes signals. In Figure 2 all the measured values are for smooth
flames, therefore the measured values are the laminar burning speeds.

Shadowgraph photographs of flame propagation for stoichiometric methane-air-diluent
mixtures with initial pressures of 1 atm and diluent of 0-15% (p; = 1 atm, T; = 298 K) are shown
in Figure 3. Inside the cylindrical vessel, the pressure reaches approximately 5 times its initial
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value before the flame hits the wall. It can be seen that throughout the whole experiments, the
flame is smooth and spherical for all these mixtures.

At high pressures, the flame front is cellular and instabilities can be observed even at
smaller radii, as shown in Figure 4a. Shadowgraph photographs of flame propagation for
stoichiometric methane-air-diluent mixtures with initial pressures of 5 atm and diluent of 0-15%
(pi =5 atm, T; = 298 K) are shown in Figure 4. Cellularities can be seen in methane-air mixture
with no diluent at pressures around 7-8 atmosphere. By adding diluent to the mixture, part b-d of
the figure, although the flames are still cracked, but they do not develop to any cellular structure.
By adding diluent up to 15%, cracks become less but the effect of buoyancy can be observed.

Figure 5 shows the burning speed of stoichiometric methane-air-diluent mixture with
initial temperature of 298 K, initial pressure of 5 atmospheres and diluent range of 0-15%. Again
as we increase the amount of diluent the burning speed decreases. It can be observed that the
agreement between measured values and PREMIX is good for mixtures with 5% diluent and
higher. For methane-air mixture with no extra diluent, the measured values are higher than
PREMIX. This again can be due to the instabilities in flame structure that increases the burning
rate and consequently the measured values are higher than laminar burning speeds calculated by
PREMIX. This has been verified in Figure 4a. As it has been discussed in the previous section,
the flame becomes cellular for stoichiometric methane-air mixtures with initial pressure of 5 atm,
at pressures around 7-8 atm.

2. Liquid Fuel, JP8-air mixtures:

During the past period construction of an oven was completed, where the spherical vessel
can be housed. The spherical vessel can be heated up to 500 K. Liquid fuel in injected through a
septum into a manifold inside the oven. A heated strain gauge in the oven was used to measure
partial pressure of fuel in the vessel. A heated pressure transducer was used to measure pressure
rise due to combustion. Mixtures of Stoichiometric JP8 and air have been burned at high initial
temperatures and pressures. The purpose of these experiments was to determine the condition at
which autoignition occurs. Figure 5 shows pressure versus time of a Stoichiometric mixture with
initial pressure of 10 atmospheres and initial temperature of 490 K. It can be seen that
autoignition occurred just before pick pressure as shown by pressure signal. In this case,
autoignition occurred at 44 atmospheres of pressure and at 750 K.

It is anticipated for JP8 and air mixtures, both burning speed and the condition at which
autoignition occurs will be measured next year.

—%— $=12, 0% dil, p =S am 60 Meas. diuent = 86% N,, 14% CO, |
~—A— $ =08, % dil, p =5 atm ["Smooth Flame PREMIX Fit
41 —O— $=08 0% dil p=5am 4

¢ =10, 0% dil, p=1atm
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Figure 1- Pressure ratio vs. ratio of burned gas volume Figure 2- Comparison of burning speed of stoichiometric methane-
to the total volume of combustion chamber for different air-diluent mixtures with those determined by PREMIX code along
mixtures of methane-air-diluent mixtures. isentropes with initial pressure of 1 atm and initial temperature of

298 K, with different diluent percentage.
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¢= 1.0, Pi=1atm,
(a) Dil =0% (b) 5% (c) 10% (d) 15%

t=5msec, p/p,=1 t =T msec, p/p;= 1 t = 10 msec, p/p; =1 t =15 msec, p/p;= 1

t=I5msec, p/p; =105 =17 msec, p/p;=1.04 ¢=25msec, p/p;=1.07 ¢=40msec, p/p;=1.1

t =25 msec, p/p; =1.45 t = 30msec, p/p;=147 t=40msec, pp;=1.5 t=>53 msec, p/p;=129

Figure 3- Flame propagation in cylindrical vessel, methane-air-diluent mixture, ¢ =1.0, p; =1.0 atm and T;
=298 K. (a) 0% diluent (b) 5% diluent (c) 10% diluent (d) 15% diluent.
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Figure 4- Shadowgraph pictures of flame propagation in the cylindrical chamber. Methane-air-diluent, ¢ =
1.0, p; = 5.0 atm and T; =298 K. (a) 0% diluent (b) 5% (c) 10% (d) 15%.
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SOOT MORPHOLOGY IN UNSTEADY COUNTERFLOW DIFFUSION FLAMES

(ARO Grant/Contractor No. DAAD19-00-1-0429)

Principle Investigator: William Roberts

Department of Mechanical and Aerospace Engineering
Campus Box 7910
North Carolina State University
Raleigh, NC 27695-7910

SUMMARY/OVERVIEW:

The emission of particulate matter from turbulent diffusion flames, such as those found in
Diesel engines, continues to be a serious concern to the US Army because of the strong IR
signature emitted from hot soot and the detrimental effects of soot on human health. Both the
temporal profile of the IR signature and the ill health effects are a function of the morphology of
the soot. It is therefore desirable to control this morphology. However, before developing
effective control strategies, a greater understanding of soot morphology in laboratory flames is
necessary.

TECHNICAL DISCUSSION:

The effort this year has focused on three inter-related subtasks, which will be described in -
some detail in the following paragraphs. All three tasks are in support of the overall goal of this
project, which is an understanding of the processes controlling the morphology of soot generated
in Diesel engines. The first subtask includes the measurement of soot morphology in a steady
ethylene-air co-flow flame using a new planar laser light scattering technique. The second
subtask concentrates on the measurement of polycyclic aromatic hydrocarbons (PAH) in an
unsteady counterflow diffusion flame. The third subtask involves measuring soot volume
fraction in high-pressure laminar co-flow diffusion flames.

Soot exists as agglomerated particles that may contain hundreds of primary spherules,
which are typically on the order of 30-50 nm, in a fractal-like structure, with a fractal dimension
less than 2. Rayleigh-Debye-Gans / polydisperse fractal aggregate (RDG/PFA) theory has been
shown to accurately predict the angular dependence of scattered laser light in soot as well as
other fractal-like particles and aerosols [1]. This technique has been used to successfully
measure soot morphology in simple laminar and turbulent axisymmetric diffusion flames [2]. To
determine all six morphological parameters, multi-angle scattering is required, but due to its time
consuming nature, it may not be suitable to unsteady flames. One approach in overcoming this
limitation is to make a number of assumptions regarding the fractal nature of the soot and the
distribution of spherules per agglomerate. With these assumptions, the number of measurements




can be reduced to three: an extinction measurement and scattering measurements at two different
angles. This approximate approach has achieved some success in axisymmetric flames {3, 4].

For the measurements in this subtask, propanc and ethylene were burned in a well-
documented co-annular burner [5]. Scattering measurements were made at 5° increments
between 25° and 155°. The scattering/extinction system was calibrated using Rayleigh scattering
from nitrogen. Soot volume fraction was measured as a function of height for both ethylene- and
propane-air flames in the co-annular burner and compares well with previously published results
obtained from this burner. Although there is considerable disagreement on the exact value of the
fractal dimension (D,) for mature soot, the accepted range of D; in laminar diffusion flames is
between 1.6 and 1.8. One of the key assumptions in the approximate (two angle) RDG/PFA
technique is that the fractal dimension is known. However, the measured D; falls within the
accepted range of values for mature soot only over a very narrow range. Low in the flame, in the
inception zone, the early soot does not behave fractal-like at all, with a measured D; of less than
unity. As these particles are advected upstream and continue to grow and mature, they become
more fractal-like. Conversely, the primary spherule diameter reaches a reasonable size fairly
early in the flame, with diameters reaching approximately 10 nm at about 25% flame height in
the ethylene flames and dropping to near 8 nm at 70% of the flame height before increasing
again. The number of spherules per aggregate was observed to increase from approximately 50
at 25% flame height to approximately 250 at 75% flame height. This behavior is expected as the
aggregates grow in size through clustering. Thus, techniques and approximations which have
been validated for mature soot, are not necessarily appropriate for immature soot.

The second subtask involved the measurement of relative PAH concentrations in the
unsteady counterflow diffusion flame burner. Given the importance of PAHs in both soot
formation and growth processes and as a harmful pollutant itself, the study of PAHs generated
during the combustion processes is very important. However, the study of PAH formation poses
many difficulties, both experimentally and computationally. There are several methods available
to detect PAHs. Conventional approaches to the analysis of PAHs deposited on the surface of
particles require filter sampling, sample extraction, and enrichment procedures typically followed
by gas or liquid chromatographic separation and detection by gas-chromatography and mass
spectrometry or fluorescence or absorption spectroscopy

Planar Laser Induced Fluorescence (PLIF) was used to determine relative concentrations
in three different size classes of PAH. Considering the photophysical properties of PAHs, many
researchers have suggested that the fluorescence at different emission wavelengths could be
attributable to specific aromatic structures, i.e., the fluorescence wavelength distribution is
dependent on the size of the PAH [6, 7], which means that with appropriate spectral filtering,
different-sized PAHs maybe selectively detected.

Sgro et al. [8] found that the broad-band UV fluorescence centered around 320 nm is
from carbonaceous material comprised of two-ring aromatics. Berlman [9] attribute the
fluorescence spectra peaking in the UV at 300 nm to mono-ring aromatics (benzene and
derivatives), and spectra peaking in the UV at about 350 nm to two-ring PAHs. Zizak et al. [10]
found that the fluorescence centered near 400 nm is primarily from small PAHs composed of
only two to three aromatic rings and fluorescence at 500 or 600 nm arising from larger PAHs,
typically five rings or more. Therefore, for this research a 340 nm bandpass filter was chosen to
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detect one- and two-ring PAHs, a 400 nm bandpass filter was chosen to detect three- and four-
ring PAHs, and a 500 nm bandpass filter was chosen to detect five or more ringed PAHs.

Typical measurements of PAH size distributions made in the steady counterflow
diffusion flame (CFDF) burner are shown in Fig. 1. Measurements were also made in the
unsteady CFDF as a function of frequency and initial strain rate. The peak signal intensity is
normalized by the steady state value and then plotted as a function of a Stokes parameter. This
Stokes parameter, defined as the square root of the forcing frequency times Pi normalized by the
strain rate, indicates the frequency cut off at where the relative PAH concentration is no longer
responding to the fluctuation in strain rate. As seen in Fig. 2, the smaller PAH molecules,
identified by fluorescence at 340 nm has a more shallow slope than the larger PAH molecules,
indicating that the smaller molecules remain coupled to the flow field oscillations at higher
frequency fluctuations than the larger molecules.
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The objectives of the third subtask are (1) to take laser light extinction measurements in a
non-premixed laminar diffusion flame at elevated pressure as a means of providing calibration
for the LII technique; (2) to employ the LII technique in a burner operating at elevated pressures;
(3) to measure f, in a non-premixed laminar diffusion flame at elevated pressures up to 30
atmospheres. The small (4 mm diameter) co-flow flame is contained within a water-cooled
pressure vessel. This vessel is capable of continuous operation at pressures up to 3.0 MPa and
has three windows (7.6-cm diameter) for observation and non-intrusive diagnostics. The flame is
relatively small compared to the volume of the chamber; therefore, air is used to purge the area
surrounding the flame and the windows providing optical access.

To obtain spatially resolved, instantaneous f, measurements, Laser Induced
Incandescence (LII) is employed. Briefly, the LII technique utilizes a very short duration output
from a Nd:YAG laser to heat soot particles to near their vaporization temperatures. The thermal
radiation emitted from these heated particles can then be related quantitatively to their volume
fraction with appropriate calibration. This technique provides spatially resolved and




instantaneous f;, measurements. The calibration will be done by measuring the extinction ratio
of a second lower-powered laser. By assuming an axis-symmetric flame and using an image of
the flame to accurately determine path length, the LII images and calibration data are used to
obtain a quantitative image of f;, throughout the flame [11, 12]. This spatially and temporally
resolved f,, information is necessary to determine such physical processes as the rates of primary
particle formation, clustering, cluster-cluster agelomeration. and oxidation in diffusion flames.

The 1064 nm output from a Continuum Surelite ITT Nd:YAG is used to heat the soot
particles; this particular wavelength is used to eliminate possible photochemical interferences
[13]. The LI signal is collected with a Princeton Instruments ICCD camera with a 30 ns gate
width; the gate delay for collection is 10 ns. To date, f,, measurements have been made up to 3.0
MPa and are currently being quantified through corrections for laser sheet attenuation and signal
absorption prior to calibration with light extinction measurements. Preliminary measurements
indicate the soot volume fraction grows much faster than linear with pressure. There appear to
be two distinct regimes, the first from atmospheric up to about 0.6 MPa, and then a second from
0.6 to 3.0 MPa. Onme of the difficulties in the extinction measurements is that the particles
become very large and the extinction to scattering ratio changes with pressure. This issue is also

being addressed.
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CHEMICAL-KINETIC CHARACTERIZATION OF
AUTOIGNITION AND COMBUSTION OF DIESEL AND JP-8

(Grant/Contract Number DA AD19-99-1-0259)

Principal Investigator: Dr. Kalyanasundaram Seshadri

Department of Mechanical and Aerospace Engineering
University of California at San Diego
La Jolla, California 92093

SUMMARY/OVERVIEW:

The objective of the research is to obtain a fundamental understanding of the physical
and chemical mechanisms of autoignition and combustion of diesel and JP-8 in non pre-
mixed systems. Detailed chemical kinetic mechanisms that describe combustion of many
of the components in diesel and JP-8 are not available and are unlikely to be developed in
the near future. As a consequence the research was focused on developing the necessary
scientific knowledge for developing surrogate for diesel and JP-8. The experimental part of
the research was performed employing the counterflow configuration. The fuels tested were
n-heptane, n-decane, n-dodecane, n-hexadecane, cyclohexane, methylcyclohexane, toluene,
and o-xylene because they represent the types of fuels in diesel and JP-8.

TECHNICAL DISCUSSION:
The Structure of Nonpremized n-Decane Flames

n-Decane is considered to be a component of surrogate fuels for diesel and JP-8. An ex-
perimental and numerical study was performed to elucidate the structure and mechanisms
of extinction and autoignition n-decane flames in strained laminar flows under nonpremixed
conditions. Experiments were conducted on flames stabilized between two counterflowing
streams. The fuel-stream was a mixture of prevaporized n-decane and nitrogen, and the
oxidizer stream was a mixture of air and nitrogen.

Concentration profiles of CigHzs, Os, N2, CO2, CO, HyO, CO, CHy, Co-hydrocarbons,
Cs-hydrocarbons, and C,-hydrocarbons, were measured. The measurements were made
by removing gas samples from the reaction zone using a quartz microprobe and analyzing
them in a gas chromatograph. The microprobe with an outer diameter of 166 microns and
an inner diameter of 83 microns was employed. The gas chromatograph was equipped with
with a 4.5 ft molecular sieve (80/100 mesh) column and a 12ft Porapak Q column. The
molecular sieve column was used for separating Hy, O,, Ar, Ny, CHy, and CO. The Porapak
Q column was used for separating all other species. Temperature programming and valve
switching were employed to optimize the separation performance of both columns. The
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mole fractions of species in the gas mixture was determined using a thermo-conductivity-
detector (TCD) and a flame-ionization-detector (F ID). The expected accuracy for the
maximum concentrations of most species is expected to be better than +10%. This includes
species that can be clearly identified on either the FID or TCD-detector. Hydrogen gives
a weak signal on the TCD-detector and it is estimated to be accurate to +25%. The
expected accuracy for water is assumed to be +20%. Figure 1 shows the mole fraction of
CioHg, Oy, CO,, Hy0, and CO as a function of distance. The points in Fig. 1 represent
measurements and the lines are results of numerical calculations.

The temperature profile was measured using an uncoated Pt-Pt13%Rh (Type R) ther-
mocouple. The wire diameter was 25 microns and the bead diameter was 90 microns. The
measurement was corrected for radiation by assuming spherical shape of the bead and a
constant emissivity of 0.2. Catalytic effects were neglected. The absolute accuracy of the
temperature measurement is expected to be better than +80K. F igure 2 shows experi-
mental data on the temperature field in the nonpremixed n-decane flame. The triangles
in Fig. 2 represent the raw-data of the measured temperature, the spheres represent the
temperature corrected for radiation. The lines are results of numerical calculations using
detailed chemistry.

Critical conditions of extinction were measured for various n-decane concentrations in
the fuel stream. The oxidizer stream was air. For a certain composition of the reactant
streams, a flame was established, and the the strain rate was increased until extinction is
observed. Critical conditions of autoignition were measured for a mole fraction of n-decane
equal to 0.15. The oxidizer stream was air, and it was heated until autoignition is observed.

Numerical calculations were performed using detailed chemistry, applying the same
boundary conditions as in the experiments. A detailed chemical kinetic mechanism made
up of 347 reversible reactions among 66 species was employed. The flame structure and
critical conditions of extinction and autoignition were calculated. The numerical results
were compared with experiments as shown in Figs. 1 and 2.

Extinction and Autoignition of Liquid Hydrocarbon Fuels

This section describes research on combustion of hydrocarbon fuels and fuel mixtures.
Figure 3 shows the mass fraction of oxygen in the oxidizing stream, Yo, as a function of the
strain rate at extinction for a number of liquid hydrocarbon fuels. The fuel marked as diesel
was obtained at a local service station. The symbols in Fig. 3 represent measurements,
the lines are best fits to the experimental data. Figure 3 shows that the critical conditions
of extinction of iso-octane, hexadecane, and a mixture of 70 % decane and 30 % xylene are
similar to that of diesel. Figure 4 shows the oxidizer temperature, Ty, as a function of
the strain rate, at autoignition for various liquid fuels. Figure 4 shows that in comparison
to diesel, decane is easier to ignite while a mixture of 80 % decane and 20 % xylene is more
difficult to ignite. Comparison of Figs. 3 and 4 show that although the critical conditions
of extinction of iso-octane, hexadecane, and a mixture of 70 % decane and 30 % xylene are
similar to that of diesel, the critical conditions of autoignition for these fuels and fuel
mixture are not similar to that of diesel. This illustrates the challenges in developing
surrogate fuels.
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Figure 1: Experimental data showing the mole fraction of CioHsz, O3, CO,, H20, and CO
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ture corrected for radiation. The lines are results of numerical calculations using detailed
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DEVELOPMENT AND OPTIMIZATION OF A COMPREHENSIVE KINETIC MODEL
OF HYDROCARBON FUEL COMBUSTION

(Grant/Contract Number F49620-01-1-0144)

Principal Investigator: Hai Wang

Department of Mechanical Engineering
University of Delaware, Newark, DE 19716

SUMMARY/OVERVIEW:

The objective of this research program is to develop a comprehensive, predictive, and detailed
kinetic model of hydrocarbon combustion for aeropropulsion simulations. During the reporting
period progress has been made in a number of areas, including (1) revision of the Hy/CO reaction
chemistry, (2) a systematic optimization of the H,/CO reaction model; (3) compilation of a new
diffusion coefficient database. These projects represent the two key ingredients that are
necessary for the success of the overall research program: (a) an accurate physico-chemical
property database for combustion kinetics, and (b) a unified and optimized kinetic model for
higher aliphatic and aromatic fuel combustion.

TECHNICAL DISCUSSION:

1. Revision of H,/CO Combustion Chemistry

The reaction mechanism of H,/CO oxidation is the kinetic foundation for the combustion of all
hydrocarbons. In our previously compiled reaction mechanism [1], the Hy/CO submodel was
based on the GRI-Mech. Over the last two or three years, there have been renewed interest in the
rate constants of the key radical-chain termination reaction H+O,+M = HO»+M. Kinetic
parameters newly made available show marked differences from those in early literature
compilations. These new kinetic parameters gave us an urgent reason to re-examine the H>-CO
combustion model. In addition, the downward revision of the enthalpy of formation of OH may
also exhibit a marked influence on the overall reaction kinetics of H, combustion. The current
work was also motivated by the fact that the Hy-submodel of the GRI-Mech has not been
optimized against a large body of H, combustion data.

The objectives of the present study are (1) to update the H,-CO combustion reaction model on
the basis of recent kinetic data, and (2) to optimize the H,-CO model against available
experimental data. Special attention has been placed on the capability of the model to predict
ultra-lean Hy/air flames that correspond to a kinetics regime relevant to hydrocarbon ignition.

The revised, trial reaction mechanism consists of 14 species and 41 elementary reactions [2],
and uses the revised diffusion coefficients of [3]. All rate constants have been re-evaluated and,
when necessary, updated. The trial kinetic model was tested against over 60 sets of H,/CO
combustion experimental data, including shock-tube ignition delay time, laminar flame speed,
and the species profiles in turbulent flow reactors and in premixed bumner-stabilized flames.
Representative results of H, combustion are shiwn by the dotted lines in Figures 1-5. Also
shown in the figures are the predictions made using the Mueller-Kim-Yetter-Dryer (MKYD)
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reaction model (dashed lines). Our trial model has also been tested against the oxidation of
mixtures of H, and CO with generally good agreement. These results are not shown here. In
addition, the trial model has been tested against new extinction strain rates of ultra-lean H-air
flames, and the results are reported in [4].

In Figures 1-3, selected ignition delay comparisons show that reaction model predicts the
experimental data reasonably well. The trial model yields the upward curvature towards lower
temperatures as expected from the experimental observations.

Figure 4 shows experimental and computed laminar flame speeds of Hj-air mixtures at the
atmospheric pressure. The trial model is found to be in a close agreement with the experimental
data. The trial model tends to over predict the H,-O,-He flame speeds at elevated pressures. The
discrepancies are clearly due to kinetics as a previous study showed that the uncertainty in the
transport coefficients cannot account for the observed differences.

Figure 5 shows representative results obtained for the species profiles during H, oxidation in a
turbulent flame reactor under three pressures, 0.3, 3.0, and 15.7 atm. It is seen that the model
well captures the experimental features.

2. Mechanism Optimization

The validation tests carried out using the trial model demonstrated that this model is
comprehensive and qualitatively accurate. The remaining discrepancies were then be resolved
by a systematic optimization of model parameters with respect to a large set of target data, about
30 in all, that range from the global combustion properties of ignition delay and flame speed, to
the more detailed species profiles during H, oxidation in flames and flow reactors. On the basis
of sensitivity analyses, 27 rate parameters were considered as active. Response surfaces were
developed using the methodology developed recently [5]. Optimization shows that an
improvement of the trial reaction model could be achieved within the rate parameter uncertainty
space. Compared to the trial model, the optimized reaction model predicts better the
experimental data, as seen by the solid lines in Figures 1-5. The currently optimized reaction
model also resolves some of the stubborn cases that the MKYD model was not able to closely
predict, as seen in Figures 2, 3 and 5.

Although the optimization results seem to be satisfactory, we realized that given the
experimental uncertainty in the optimization targets, the optimization does not yield a unique,
global minimum in the rate parameter uncertainty space. For this reason, the “optimized” model
should be represented by a hypersurface on which every point (or rate parameter combination) is
equally valid. We are developing a methodology that can express mathematically the
hypersurface.

3._Diffusion-Coefficient Compilation
Our recent studies (e.g. [3]) showed that there are marked disagreements between diffusion

coefficients obtained from first-principle calculations and those obtained from the empirical
mixing rules of collision diameter and well depth. Therefore, it may be necessary to explicitly
specify the pair diffusion coefficients in flame simulations. We compiled a list of diffusion
coefficients for key pairs on the basis of our own studies as well as the results available in the
literature. These pairs include H-He, H-H,, H,-He, H-Ar, H-O,, H-N;, H,-N,, N,-N,, and Hy-H,.
The corresponding parameters used in the multi-component transport formulations were also
calculated for these pairs. The list will expand to include CO, CO,, and hydrocarbons in the next
two years. The SANDIA transport library code was revised to include the possibility of
externally specified diffusion coefficients. Both the database and transport library code are
available for use upon request.
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